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ABSTRACT 
The extensive use of Ti-6AI-4V forgings in aircraft 
gas engine compressor discs and blades has generated 
considerable interest in its crack growth behaviour at 
elevated temperatures. 
Before crack growth studies can be performed on 
test specimens it is necessary to precrack the specimen to 
provide consistently sharp fatigue cracks of adequate size 
and straightness. 
Initially the stress intensity amplitude used to 
grow a precrack is considerably higher than that used in 
the actual crack growth studies but it is progressively 
reduced as the required length of precrack is achieved. 
The reductions in stress intensity amplitude are usually 
made manually by observing the crack length as stress 
cycling proceeds and decreasing the stress amplitude on the 
test machine as the crack length grows. 
In this study, a method of performing this precracking 
operation automatically by the use of computer control of 
the test machine was developed, and tested. The results 
confirm the method used to be successful. 
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1. INTRODUCTION 
The phenomenon of metal fatigue has been studied for 
over 100 years and now has a voluminous literature. 
Despite this, fatigue continues to be a major problem and 
is the most common cause of failures in engineering 
structures. The traditional approach to design against 
fatigue is to base allowable fatigue stresses on the 
results of tests on carefully-made plain or notched lab-
oratory specimens, or on representative structures. The 
results of such tests are presented as S/I~ curves, which 
relate cyclic stress to number of cycles to failure. The 
use of a traditional approach based on SIN curves leads 
to difficulties because a conventional fatigue test does 
not give any information on the relative contribution of 
crack initiation and crack growth to total fatigue life. 
This can lead to difficulties in the understanding of the 
behaviour of sharply notched or cracked structures. Also, 
the effect of size on the fatigue life of a structure or 
component is not accounted for. As a resul t, testing to 
determine fatigue crack growth data is now widespread. 
The concept of stress intensity factor ,has proved to be a 
particularly convenient applied mechanics framework for 
the description and analysis of fatigue crack growth 
behaviour and for the solution of particular engineering 
problems involving fatigue crack growth; consequently its 
use is now virtually universal. The fracture mechanics 
concept of stress intensity factor has proved particularly 
convenient for the analysis of fatigue crack growth data 
in a f6rm which can be applied directly to engineering 
problems, and its use had led to a much better understand-
ing of the fatigue behaviour of structures. 
Fatigue testing has profited greatly from recent 
changes in equipment technology. The development of 
closed-loop concep ts, for example, has resul ted in 
extremely versatile test systems with capabilities to 
meet more complex experimental requirements. With the 
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advent of the minicomputer and the increased accessibility 
of time-sharing facilities, it has become apparent that 
the integration of computers with such test systems provides 
a useful and logical extension to testing capability. In 
addition to data analysis and reduction functions, com-
puters are also well suited for real time programming and 
process control. 
The advent of closed-loop servohydraulic materials 
testing s~stem in the late 1950's (1) and development of 
minicomputers in the 1960's and 70's (2) have made it 
possible to construct extremely 
machines with combined speed and 
versatile fatigue testing 
accuracy. The amount and 
variety of data acquired and stored during testing can also 
be remarkably increased. One of the most significant 
advantages of computer control in fatigue testing systems 
is the ability to work out very complex functions derived 
from easily measureable load and strain on control quanti-
ties, and make on_line decisions on how to continue the 
test in the light of its current state. There are still 
some problems on the hardware side, e.g. inertia forces· at 
high frequencies, but most shortcomings are evidently on 
the software side. Computer-controlled fatigue testing 
systems are already commercially available (3) but they are 
not, so far, very useful for fatigue laboratories wi th 
complex, wide and varying testing programs. 
a. 
The material used in this project iShtitanium alloy, 
i.e. Ti-6Al-4v alloy. This alloy is used for compressor 
disc applications (4) in Rolls Royce RB 211 gas turbine 
engines. The properties which have made ti tanium an 
accepted material of construction are its high strength~~o­
weight ratio and its exceptional resistance to corrosion. 
The specific strength of titanium, with a density just 
over half that of steel, is superior to most other struc-
tural metals; and it is this high strength-low density 
characteristic, maintained at elevated temperatures, which 
has resulted in the rapid growth in its use in aero 
engines over the last 30 years. For equal strength, 
savings in weight of up to 40% are possible by replacing 
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steel and nickel base alloys with titanium. The use of 
titanium alloys in gas turbine engines has grown to the 
point where they account for about 25 per cent of the weight 
of the latest large fan engines. Titanium alloys have 
lower thermal conductivity and thermal expansion than steel 
or nickel base alloys. The lower thermal expansion is 
advantageous for components where there is a considerable 
temperature. gradient between one part and another because 
it reduces the thermal stress in the component. 
-4-
CHAP TER 2 
2.0 LITERATURE REVIEW 
2.1 The. Fracture Mechanics of Fatigue Behaviour 
2.1.1 The Stress Intensity Factor 
The stress intensity factor proposed (5) characterises 
the·level of the stress distribution close to a crack tip 
in a stressed body. The attainment of a critical stress 
intensity factor is the criterion for the onset of fracture 
in fracture mechanics. A stress intensity factor is not a 
stress concentration factor since the latter is concerned 
only with stress at some point. The attainment of a criti-
cal stress concentration factor is not a useful criterion 
for fracture in the case 
case 
of purely 
of local 
elastic behaviour at the 
plasticity at the crack crack 
tip. 
tip, or in the 
In the case of very sharp crack tips, behaving in a 
purely elastic manner, the stress distribution rises to an 
infinite value at the tip itself. In the case of local 
plasticity preceding crack growth from the tip, the stress 
immediately ahead of the tip is simply the yield stress 
under the prevailing stress distribution. This second case 
is by far th~ most important since crack advance in most 
materials, including brittle ceramics (6) and glasses (7) 
is known to be preceded by limited plastic behaviour. 
Irwin pointed out that the local concentrated tensile 
stress,(If"Y) at the tip of through crack in a body stressed 
in tension (as illustrated in Figure 1), (8) is given by 
1 (21\r) 2 
Co, ~ t · 
in the regionf<:< r"(<'a, where P is the radius of a curv-
ature of the crack tip and a the length of an edge crack or 
half the length of a central crack. 
Nominal 
Stress 
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-->() 
Magnitude of Stress 
along X Axis, Oy 
0Y. 
(e = 0) 
Fig. 1 Elastic-stress-field 
distribution ahead of a crack. 
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Under plane-strain conditions, at an arbitrary point 
(r,e) ahead of the crack tip there are also present the 
direct stresses, <:Ix and the shear stress, -rxy, qiven by: 
()x = - Sin 9 Sin 3G ] 
LXY = 
I 
(27<r)' 
I 
(271r)' 
2 2 
Sin 9 Cos e Cos39 
2 2 2 
These expressions show that the stress distribution is 
characterised by its dependence on the inverse square root 
of distance, r, from the crack tip_, and the constant K1 
designated the stress intensity factor. This stress inten-
sity factor is a function of the applied stress, the crack 
shape, size and orientation, and the structural configur-
ation associated with structural components. Thus it is 
possible to translate laboratory results into practical 
design information without the use of extensive service or 
correlations. 
Equations relating the stress intensity factor to the 
various specimen and loading configurations, crack sizes, 
shapes, orientation have been determined by various workers. 
Some examples of the more widely used stress-flaw size 
relations are presented in Figure 2. 
One of the underlying principles of fracture mechanics 
is that unstable fracture occurs when the stress intensity 
factor at the crack tip reaches a critical value KC. For 
Mode r deformation (see later), and for small crack-tip 
plastic deformation (plane-strain conditions), the critical 
stress intensity factor for fracture instability is desig-
nated KrC- Krc represents the inherent ability of a 
material to withstand a given stress field intensity at the 
tip of a crack and to resist progressive tensile crack 
extension under plane-strain conditions. Thus I(rc rep re-
sents the fracture toughness of the material and has units 
of (MN/m 3 / 2 ). However, this material-toughness property 
depends on the particular material, loading -'te and 
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Through Thickness Crack 
_'_1 __ 2 a 
~-.La 
T ~ Surface Crack 
--- "_I _1--2 c 
r-- a 
K 1 = 1.120;} Aa IQ 
where Q = f(a/2c, 
Edge Crack 
Fig. 2 Values for Various Crack Geometries 
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constraint as follows: 
KC = critical stress intensity factor for static 
loading under plane-str~'~ conditions of variable con-
straint. Thus, this value depends on specimen thickness 
and geometry, as well as on crack size. 
K1C = critical stress intensity factor for static 
loading-under plane-stress conditions of maximum con-
straint. Thus, this value is a minimum value for thick 
plates. 
Where KC or K1C = Y0ra-
Where constant, function of specimen and 
crack geometry 
0= nominal stress (MN/mZ) 
a = flaw size (in m 
Each of these values is also a function of temperature, 
particularly for those structural materials exhibiting a 
transition from brittle to ductile behaviour •. By using a 
method that was developed by Westergaard, Irwin found that 
the stress and displacement of field in the vicinity of 
the crack tips subjected to the three modes of deformation 
. by .. - (B) are g~ven 
Mode I: Opening 
Ox = 
6"y = 
I ( Z Ar ) 2 
I (Zl(r) ,. 
Cos 9 
2 
Cos Q [1 + Sin 8 Sin 
Z 2 
t"xy = KI Sin e Cos e Cos 38 
---y-
(Z~r)" 2 2 Z 
'~ ] 
:j 
(l) 
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Oz = \J" (0 + 0 ), lXZ =-C = 0 x y yz 
U = ;' [:i] le" ; ~ - 211" + Sin 2: ] 
V = > [:;]' Sin e [, - U - Cos ': ] 2 
.IV = 0 
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Mode Ill: Shear Mode 
LxZ = - KIll Sin e 
1 (27'r)' 2 
-C Y Z = KIll Cos e 
-----r 
(2Ar)' 2 (3) 
is""""x = ()y = <S""z = L xy = 0 
";" [~J -'-IV , Sin It-= 2 
U = V = 0 
Where the stress components and the co-ordinates r 
and ~ are shown in Figure 3, U, V and IV are the displace-
ments in the X, Y and Z directions, respectively,\]"" is 
Poisson's ratio; and G is the shear modulus of elasticity. 
Equations (1) and (2) represent the case of plane 
strain (IV = 0) and neglect higher-order terms in r. 
Because higher order terms in r are neglected these 
equations are exact in the limit as r approaches zero and 
are a good approximation in the region where r is small 
compared with other X-V planar dimensions. 
Fig. 5 Crack on 
45 degree 
plane 
y 
()x 
r 
z 
Oy . 
Lxy 
/. j Z"yz 
,.tz; ... rxz x 
Leading'edge of 
the crack 
Fig. 3 Coordinate system and 
stress components 
ahead of a crack tip. 
(Ref. 15.) 
I 
..... 
..... 
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2.1.2 Application of Stress Intensity Factor to Fatigue 
The attainment of a Kc value at the crack tip clearly 
sets an upper bound to the value of the maximum stress 
intensity factor during fatigue cycling. Application of a 
cyclic applied stress to a body containing a crack_like 
defect corresponds to cycling the crack tip over a range of 
stress intensity 
brittle fracture 
values. In view of the success in relating 
to the attainment of a critical stress 
intensity factor at the crack tip, it seems reasonable to 
attempt to relate the progressive fatigue fracture process 
to the cyclic range of stress intensity experienced by the 
crack tip. The work of numerous researchers has now estab-
lished this relationship. 
In order to describe the progressive nature of fatigue 
cracking it is necessary to know the rate of crack propa-
gation da/dN, where da represents the increment of crack 
length for an increment in number of fatigue cycles dN. 
Several crack propagation laws have been presented in the 
past years, which claim to be verified by the experimental 
data analysed in their respective papers. They are specif-
(8) (0) . icallY,the work of Head Frost and Dugdale, McEvily 
and Illg, (11) Liu (12,13) and Paris~ 
The Paris general eguation is 
where da 
dTi 
da 
dN 
= 
= 
crack extension per cycle of 
bk = stress intensity-factor C"o."',sQ. 
C matcrial constant 
m = a numerical exponent 
(1) 
load 
Crack-propagation laws given in the literature take 
many forms. In general they treat cracks in infinite sheets 
subjected to a uniform stress perpendicular to the crack (or 
can be applied to that configuration) and they relate the 
c;"ack length 2a, to the n 'mber of cycles of load applied N, 
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wi th stress range C and material constant Ci' The single 
form in which all crack propa~ation laws may be written is 
da = f (0, a, Ci ) (2 ) <fIT 
() 
= applied stress (range) 
C. = 1 constants (which vary slightly with mean 
stress) 
,Chronologically the first crack-propagation law which 
drew wide attention was that of Head (9) in 1953. He 
employed a mechanical model which considered rigid, plastic 
work, hardening elements ahead of a crack tip and elastic 
elements over the remainder of the infinite sheet. The 
model required extensive calculation~ and deductions to 
obtain a law which may be written as 
da = Head's Law (3) 
dN 
a = half crack length 
Wo = plastic-zone size 
Where Cl depends upon the strain-hardening modulus, 
the modulus of elasticity, the yield stress and fracture 
stress of the material and C2 in the yield strength of the 
material. Head defined W as the size of the plastic zone 
o 
near the crack tip and presumed it was constant during crack 
. (10) 
propagation. However Frost noticed that the plastic-
zone size increased in direct proportion to the crack length 
in his tests. Irwin (10) has recently pointed out from 
analytical considerations that 
( 4) 
for the configuration treated here which is in agreement 
with Frost's conclusions. Therefore, though Head adopted 
equation (3) with W considered constant as his crack-
o , . 
propagati.on law, ~ci 0. ..... \:,ot<QcI. I-. ... r. ... m '""'",cl..,,cad.. ~~M"~ c,,' ... 10 ~....,..o) 
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to obtain a modified or corrected form of Head's crack-
propagation law 
i. e. da (Head's corrected law) ( 5 ) 
Frost and Dugdale (10) in 1958 presented a new approach 
to crack-propagation laws. They observed, as was introduced 
in equation (5), that Head's Law should be corrected for the 
variation of plastic-zone size with crack length. They 
deduced that the corrected result, equation (5) depends 
linearly on the crack length a. However, they also argued 
by dimensional analysis that the incremental increase in 
crack length da, for an incremental number of cycles dN, 
should be directly proportional to the crack length a. 
Hence they concluded that (independent of Head's model) 
da = Ba 
dN 
( 6) 
where B is a function of the applied stresses. They 
observed that in order to fit their experimental data: 
(7) 
Combining equations (6) and (7) they obtained the law: 
da 
dN 
3 . 
= <r a 
~ 
(FROST'S AND DUGDALE'S LAW) ( 8 ) 
About the same time McEvily and Illg (11) modified a 
method of analysis of static strength of plates with cracks 
used at NASA to obtain a theory of crack propagation. Their 
arguments were as follows: presuming that a crack tip in a 
material has a characteristic (fictitious) radius P l' which 
allows computation of the stress 00' in the element at the 
crack tip using ·elastic stress concentration factor concepts, 
the stress60 is 
= KN 6" t ne ( 9 ) 
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where KN is the stress-concentration factor and 0 t is the 
ne 
area stress at the cracked section. For the configuration 
used here, i.e. an infinite plate with uniform stress 
(10) 
which is based on the elastic solution for an elliptical hole 
of semi-major axis a and end radius PI. 
(ll ) 
and substi tuting equations (10) and (11) in to (a) gives 
(12 ) 
Based on considerations that under cyclic loading work-
hardening at the crack ti~ will raise the local stress to a 
fracture stress, they concluded that the crack-extension 
rate will be a function of ~o or 
da = F«() = F(KN G net) dIT 0 
(13 ) 
(McEvily and 111g's Law) 
Therefore for the special configuration of interest here, 
i. e. introducing equations ( 9 ) , (10) , (11) and (12 ) in to 
(13 ) we have 
=F(O(l ~ da + 2 ( a f(-,! ) 2 ) ) (14 ) 
dIT 
which is the desired form in the discussion upon considering 
be PI to/la material constant, in likeness to the Ci • 
McEvily and 111g go on in an empirical manner to obtain 
the form of the function F(), and suggest 
10910 (da) (dIT) = 0.0509 KN 0net - 5.472 - 34 '«(5"': _ - 34 
'N net 
(15) 
McEvily and 111g's Law empirically extended. 
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Independent of McEvily ~nd Illg, Paris proposed a crack 
propagation theory at about the same time. It is based on 
the following arguments. Irwin's (14) stress intensity-
factor reflects the effect of external load and configur-
ation on the intensity of the whole stress field around a 
crack tip. Moreover, for various configurations the crack-
tip stress field always has the same form, Le. (distribution). 
Therefore it was reasoned that the intensity of the crack tip 
stress field as represented by \( should control the rate of 
crack extension. 
da = G(k) 
dN 
That is to say: 
(16) 
Whereupon equation (16) may be specialized to read: 
A 
da = G«()a 2 ) (18) 
dN 
(12) (10) Somewhat later Liu restated Frost and Dugdale's 
dimensional analysis in a much mOre elegant form and argued 
that the crack-growth rule should depend linearly on the 
crack length, i.e. 
da = Ba 
dN 
(Liu's Law) (19 ) 
which is the same resul t as equation (6). Liu then presumed 
that B was in general a function of stress rang~ (and mean 
s tr e ss); Le. 
B = B (6") (20) 
In subsequent work Liu (13) notes that mean stress 
is of secondary influence and using a model of crack exten-
sion employing an idealized elastic-plastic stress-strain 
range diagram and a concept of total hysteresis energy 
absorption to failure, reasons that: 
-17-
which, combined with equation (19), gives 
~ = Cs ($"2 a 
dN 
(Liu's modified Law) 
Similarities Between Crack Propagation Laws 
(22) 
The Laws of Head, equation (5), Frost and Dugdale, 
equation (8), and Liu, equation (19) and (22), can all be 
approximated by the form 
da = 
dN 
On m 
a 
C 
o 
(23) 
for the special configuration which is treated. Now it is 
evident that Paris' result for this configuration, equation 
(18), implies: 
m = n (24) 
2" 
which can also be derived from McEvily and Illg's result, 
equation (14), for Pl small compared to a. 
It is pertinent to now show that determining m and n 
from a limited quantity of data is a doubtful practice. 
That is to say that plotting data from single test specimens 
on a logarithmic or semilogarithmic graph on which laws such 
as Head's, Frost's, and Liu's predict straight line relation-
. -
shops is not a reasonable test of the validity of a crack 
propagation law. 
If we consider cycling from zero stress to a maximum 
applied stress we note that: 
2 da = A(AK) from d - A~2 (12,13) a - a. 
dN dN 
-18-
The AK represents the range of the Irwin stress intensity 
factor experienced at the crack tip since, as we have 
previously seen, k = y(; (a)!. Paris and Erdogan (15) have-
reviewed the development of crack propagation laws exten-
sively, and the results of many experimental investigations 
show that the relationship for many materials falls close 
to: 
da = A(AI<)4 
dN 
Such a law is very difficult to arrive at through dimensional 
arguments. It appears that the nature of the progressive 
rupture itself, within the plastic zone at the crack tip ma~ 
introduce the extra factor. This may be a blunting process 
on the tensile cycle followed by folding of the increased 
crack tip perimeter to give an effective increase in crack 
length, or linking with voids in a damaged plastic zone to 
give an increase in crack length.(16) Indeed these are 
experiments which show clearly that A~ should not be raised 
to any simple integral value, (17) but the values found for 
the power of AK always lie near to 4. 
-19-
2.1.3 Mechanism of Crack Growth 
2.1.3.1 Stages of Crack Growth 
In principle fracture mechanics can also provide a 
frame work for the study of micro crack (Stage I) growth, 
which takes place on planes of maximum shear stress, see 
Fig. 4. On a macroscopic scale, fatigue fracture surfaces 
are generally flat and smooth in appearance. They tend to 
grow in Mode I (Fig. 4) irrespective of their initial 
orientation, so attention is largely confined to this mode. 
Other modes can occur when a crack follows a plane of weak-
ness, (18,19) or in composite materials. (20) Crack growth 
in thin sheets is usually on 45 0 through the thickness plane 
(Fig. 5). These cracks are \:)o.(·"",«.J:'l 'oit,.t\-.Q... applied 
stress. A crack which has grown entirely in Mode I is not 
necessarily straight, and crack trajectories are R.Q.,t 
readily determined. As a general rule a crack tends to be 
attracted by the nearest free surface and may follow a 
curved path even under initially symmetrical loading 
conditicns. Cracks in structures are frequently found to 
follow complex paths. Ensuring that a crack maintains its 
initial direction is an important factor in the design of 
fracture mechanism test specimens. 
2.1.3.2 Fracture Surface Relief 
Fracture surface relief was the first experimental 
object in the study of the fatigue crack~propa9ation 
mechanisms, In many cases, the macroscopic appearance of 
the fracture surface gives direct information about the 
crack origin and about the crack length at which Stage 11 
fatigue - crack-propagation was replaced by fracture of the 
remaining cross-section. Electron microscopy, mainly scan-
ning electron microscopy of fracture surface and transmission 
electron microscopy of replicas of the fracture surface, have 
yielded a vast amount of information about microscopic 
features. 
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The most frequent feature of the fatigue fracture 
surface is the presence of striations, which are a unique 
characteristic of fatigue. Fatigue striations can be 
clearly or poorly delineated and can take on several shapes 
from almost perfect straight lines to very curved lines. 
As a rule fatigue striations can be observed in Stage 
11 crack propagation, where the striations spacing is suf-
ficiently large (of the order of a tenth of a micron or 
more). In Stage I propagation the crack rate and con-
sequently the distance between striations, if they exist, are 
rather small (of the order of a hundredth of a micron and 
less) and fracture surface appears to be smooth. Some high-
strength nickel-base alloys with very long Stage I crack 
..--
propagation are an exception to the rule. In these alloys 
striations in Stage I propagation were observed.(21) 
Even in materials exhibiting clearly delineated stri-
ation the fracture sUrface is not wholly covered. In some 
cases, mainly higher-strength materials, only a small part 
of the fracture surface was found to be covered with stri-
ations. On the basis of extensive experiments, Broek (22) 
showed that by employing suitable techniques, it was also 
possible to observe striations in places which appeared 
featureless when examined by usual methods. The extent of 
fatigue crack growth is determined by the fracture toughness 
of the material. 
The micro relief of the fracture surface (as well as 
the crack propagation rate) ~epends strongly on the surround-
ing environment. The most prominent influence was observed 
b P 11 (23,24) hid . f 1 _. 11 y e_ oux, w 0 cyc e spec::.mens 0 a umlnlllm a oys 
alternately in air and vacuum. The fracture surface corres-
ponding to air cycling was covered by well delineated stri-
ations, whilst the fracture surface corresponding to vacuum 
cycling appeared featureless. From experiments of this type 
it follows that the deformation process at the crack tip, 
which also determines the crack propagation rate, depends 
not only on the material parameters of the metallic matrix, 
but also on interactions with the sur~ounding environment. 
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2.1.3.3 Models of Crack Propagation 
Descriptive models of fatigue-crack propag~tion 
are based mainly on the micro relief of the fracture surfac~ 
and on direct observation of the crack-tip behaviour at high 
strain amplitude, low frequency cycling. 
In Stage 11 propagation the crack rate, striation spac-
ing Gnd markedness of striation are much higher than in Stage 
I propagation. The existence of fa tigue striations' are the 
common feature of fatigue ~'<'d.. of the one to one correspond-
ence between striations and cycles means that fatigue crack 
propagation is a· repetitive process. To understand the crack 
propag<ltion mechanism, . it is then sufficient to know the 
process in one leading cycle. 
Laird (25) performed direct observayon on some ductile 
metals .,..·.1"- the crack-tip geometry corresponding to different 
stages of the stress cycle. The mechanism of crack propa-
gation deduced from these observations is now called the 
plastic blunting process or Laird's model and is described in 
Figure 6. (25,26) The ini tial zero-load posi tion corresponds 
to a well developed Stage 11 crack, with the fracture surface 
exhibiting striations (a). As the tensile load is applied, 
the metal yields plastically due to high stress concentration. 
This plastic deformation is highly concentrated in the slip 
zones along planes of maximum shear stress, i.e. along planes 
at 45 0 to the stress axis (b). When the load is further 
increased, the slip zones at the tip broaden and the crack 
tip blunts to a semi circular configuration. The crack tip 
is thus effectively shifted (c). The application of cb m-
pressive load reverses the slip direction in the zone, the 
distance between the matching surface decreases, but the new 
surface created in tension cannot be - at least not completely -
removed by the "cold weld", i.e. the rejoining of atomic bonds. 
The new surface is partly folded by buckling into a double 
notch at the tip (d). The final configuration under maximum 
compressive load is again a sharp crack tip; the crack length 
has increas~'d byAQ which is equal to the striation spacing (e). 
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This mechanism of repeated plastic blunting and re-
sharpening of the crack ti~ is probably the most general 
descriptive model of fatigue-crack propagation. 
Laird's mechanism explains in a compact way the form-
ation of fatigue striations on the fracture surface. The 
model does not make any assumptions about the dislocations 
mechanism at the crack ti~, or about the relationship between 
the substructure and the surface relief. 
The model of repeated plastic blunting and resharpening 
may at least partly account for the difference of fracture 
surface appearance in air and in vacuum. During compressive 
load (Figure 6c and d) the newly created surface ~an be re-
welded to some extent. (27) This process is inhibited by 
.oxide layers which form very quickly on,fresh clean metallic 
surfaces, thus in vacuum are shallower and more closely 
spaced than in air. 
In summary, the basic features of the crack propaga-
tion mechanism are well understood in ductile materials 
exhil:>iting fatigue striations. Here, the repetitive process 
of plastic deformation at the crack tip, whatever its specific 
form, is applicable. For more brittle materials or those \Vi th 
inclusions and inhomogenities which do not exhibit regularly 
fatigue striations as a feature of the fracture surface, the 
mechanism of repeated plastic blunting and resharpening does 
not directly explain all the experimental observations of the 
fracture surface or the macroscopic behaviour" of cracks. 
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2.1.4 Plasticity During Fatigue Cycling 
Crack-tip deformation 
The stress-field equations, Equations (1), (2) and (3), 
show that the elastic stress in the vicinity ef ! crack tip 
where r« a can be very large. In reality, sl'ch high 
stress magnitudes do not occur because the material in this 
region undergoes plastic deformation thus creating a plastic 
zone that surrounds the crack tip. 
Figure 7 is a schematic presentation of the change in 
the distribution of the Y component of the stress caused by 
the localized plastic deformation in the vicinity ef the 
crack tip. 
The size of the plastic zone, r y ' can be estimated 
from the stress-field equations by treating the problem as 
one of the plane stress and setting the Y component of the 
stress 0- y equal to the yield strength, o~, whIch resul ts in 
( 28) 
r y (Plane Stress) 
The plastic zone size under plane-strain conditions can be 
obtained by considering the increase in tensile stress for 
plastic yielding caused by plane-strain elastic constraint. 
This produces a plane strain plastic zone size of 
1 
6'" 
(Plane Strain) ( 5) 
The material ahead of the crack front in a thick specimen is 
subjected to plane-strain conditions in the centre portion 
of the crack front where w = o. The material at the surfaces 
of the material will be subject to plane-stress conditions 
where °2 = O. Consequently, Equations (4) and (5) indicate 
that the plastic zone in the centre of a thick specimen is 
smaller than at the surface of the specimen. A -schematic 
representation of the variation of the plastic zone size 
along the front of a crack in a th' 'k specimen is shown in 
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Figure 8. More refined estimates of the sizes and shapes of 
crack tip plastic zones may be obtained by applying the von 
Mises and Tresca criteria to take into account the effect 
of tri-axial stresses on the yield stress of a material. 
In order to investigate the plastic zones during 
fatigue cycling it is convenient to envisage initial loading 
to a stress6" , and instead of simple unloading we super-
impo.se a ~ ......... " _6.6"". This process can go on indefinitely but 
the 6.Dwill clways give rise to the production of a new 
plastic zone of reversed plastic shears. It follows that in 
the initial tension cycle of fatigue a plastic zone will be 
produced of radius ry given by equation (~) at peak load. 
2.1.5 Fatigue Crack Growth Data 
Fatigue crack growth tests are relatively straight 
forward and over the past 20 years large numbers have been 
carried out. It is now usual practice to analyse data in 
terms of stress intensity factors. These provide a p articu-
larly convenient means of correlating fatigue crack growth 
data. In general the opening mode stress intensity factor 
is given by:-
1 
KI = Oa 'Y. 
Where ISis the applied stress, a the crack length and Y a 
geometrical term describing the specimen, crack and the load-
ing geometries. 
The fatigue cycle is usually described by ~k, the range 
of stress intensities with the material at the crack tip 
experienced in one load cycle. Ak = Kmax - Kmin, where 
Kmax and Kmin are maximum and minimum values of the opening 
mode stress intensity factor KI calculated from the" maximum 
and minimum stresses applied during the fatigue cycle. If the 
minimum stress is compressive, Kmin i~ usually taken as zero, 
as it is assumed that a compressive stress does not contri-
bute to crack growth. In prac:tice, however, a crack may close 
at above or below zero load, and a number of modifications 
havp. been proposed to take the level di mean stress into account. 
.... 
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It has been shown exper!mentally_~hat 6k has the major 
influence on fatigue crack growth and in general, if C.k is 
constant the fatigue crack growth rate is constant. For many 
materials the rate of fatigue crack growth can be expressed 
by equation 
da 
dN 
= (Paris-Erdogan Law Equati6n) 
Where N is the number of cycles, C is a material constant, 
and m an exponent, usually about 3 - 4. Ccack propagation 
data are usually presented in the form of a plot of the 
logarithm of Ak versus the logarithm of the growth rate 
da/dN which allows determination of power of Ak for a 
particular material (Figure 9t. 
The more recent research investigations have demon-
strated that in a typical log-log plot of fatigue crack 
growth rate da/dN versus stress intensity factor range Ak, 
the Paris-Erdogan Law Equation is only valid fer the inter-
8 - 6 -1 mediate range of growth rates typically 10-- 10 m cycle 
(region B in Fig. 9). The variation of growth rate da/dN 
wi th A k is actually sigmoidal in form, defined in a range of 
Ak values bounded at its extremes by I(IC or KC (the plane 
s tr a:bn or plane s tre ss fracture t oug he n.u.), and thres hol d par a-
meter Ako (Fig. 9). At the low end of the Ak scale, crack 
growth is slow but rises rapidly wi th increasing A k. At 
the higher end of the Ak range when k max. of the fatigue 
cycle approaches the fracture toughen"'~(KIC,KC)' the crack 
accelerates and the above equation da/dN = C( Ak)m under-
estimates the high-growth rates which are commonly observed 
(region C in Fig. 9). The precise shape of da/dN versus A k 
plot is therefore strongly influenced by fracture toughness 
and threshold hehaviour. For example, Stage C is strongly 
promoted in very low toughness material~ and the intermediate 
Stage B can be significantly restricted or even lost. Also, 
some materials, particularly high strength steels in an 
aggressive environment do not show a well define~ threshold . 
• 
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The equation c:la/dN = C(Ak)m is s0metimes modified to 
allow for the increase in crack growth rate, which usually 
occurs as Kmax approaches KC the critical value of KI at 
which brittle fracture takes place, and for the effect of 
mean stress, which influences fatigue crack growth rates in 
some materials. The availahility of a master" curve relating 
na/dN and ~k enables a designer to predict growth rates for 
any cracked body configuration, and he is not limited to 
situations similar to those pertaining to the cracked 
specimer. geometry used to generate the original data. 
2.1.6 Mechanism of High Temperature Fatigue 
Introduction 
Fatigue at elevated temperatures is a complex subject. 
In general we are dealing with a creep-fatigue i~teradtion 
that depends sensitiwu ... y on temperature, frequency, mean 
stress and environment. 
The fatigue process can occur in three stages: first, 
nucleation and early growth of cracks within the plastic 
zone developed at the notch root; second, crack propagation 
of a stable crack through the plastic zone; third, propa-
gation of the crack through the elastic zone, the crack 
generating its own plastic zone, until fracture of the struc-
ture results, either by sudden fracture, liokage, or by 
excess vibration or deformation. 
Fig. 10. (31 ) 
These stages are shown in 
From Fig. 10 " can be seen some of the many disci-
plines which must be brought to bear on the problem. 
Consider first plastic zone. Identification of the appro-
priate stresses and strains are required through analytical 
tools, such as finite element analyses. This requires the 
selection of appropriate material information and consti-
tutive equations, heat transfer analysis etc., with the aid 
of appropriate failure cri teria, the condi tions for the 
occurrence of micro cracks or for nucleation and early growth 
can be specified. Elastoplastic analysis further aids in the 
specification of conditions for crack growth through the 
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plastic zone, again coupled with an appropriate fracture 
criterion. Finally, elastic stress analysis and fracture 
mechanics concepts allow the determination cf crack growth 
in the elastic regime. Along the way we can identify 
several additional disciplines. Included are environmental 
ef"fects on nucleation and growth, manufacturing techniques 
for surface preparation in the cri ti cal area, choice of 
material, testing methods for developing failure criteria, 
low cycle fatigue studies, development of high and low-
strain crack growth rules, time dependency, fractography 
etc. Groups of these and other disciplines are lumped 
together into such activities as life prediction, design, 
code development, etc. There is also a whole structure of 
disciplines directed towards other. aspects of the problem 
such as metal physics, corrosion and electrochemistry, 
physical and process metallurgy, statistics and others. 
2.1.6.1 Grainbound~ry damage processes in low cycle 
fatigue at elevated temperature 
Intergranular fracture is usually considered as one of 
the damage processes typical of high temperature low cycle 
fatigue. Mechanisms of damage leading to grain boundary 
fracture in high temperature fatigue, include the following(32) 
(i) intergranular fracture due to environmental 
effects; 
(ii) grain boundary sliding 
(iii) other grain boundary damage. For instance 
aging reactions leading to grain boundary-
imp~rity segiegation 6r precipitation can be 
deleteiious for fatigue life. Another effect 
which hai not perhaps received enough 
att~ntion is also the influence of strain 
rate and temperature on slip character. 
2.1.6.2 Oxidation effect 
"11. 
Oxidation may be most~important parameter in elevated 
temperature low cycle fatigue at least in certain cases. 
However, the mechanisms which account for the reduction in 
fatigue life in air as compared to the endurance in vacuum 
sUII need further investigQ.\;\.on '. In particular" 
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especially devised experiments which could allow the deter-
mination of the respective part of oxidation on either crack 
initiction or crack propagution would be very useful for 
better understanding ef the interaction9 between strain 
cycling and oxidction. It has been shown that oxidation 
without stress is clearly inapplicable to the highly strained 
crack tip and the oxidation rate per cycle is a function cf 
the pla9tic strain range. (33) 
As far as grain boundaries are concerned, generally 
they offer less resistance to oxidation. This is due to 
chemical segregation and the presence of carbides, especially 
in the case of .Ni-base alloys. Moreover it can also be 
thought that grain bcundary sliding, where it is important, 
could also enhance grain bcundary oxidation since the local-
isation of the strain along them may also contribute to 
oxide spa11ing. 
2.1.6.3 Grain boundary sliding 
Many studies have shown that integranular rupture at 
elevated temperature is associated with grain boundary slid-
ing, especially in the case of structural alloys which con-
tain second phase particles along grain boundaries. (34,35) 
Grain boundary slIding produces a typicQl form of grain 
boundary damage which is either the formation of wedge 
cracks at grain boundaries triple points on the formation of 
cavities along grain 
studies are based on 
boundaries (Fig. 11). Most of these 
monotonic creep experiments. Th ey 
suggest that intergranular fracture observed in high temper-
ature low cycle fatigue might also be associated with grain 
sliding. 
2.1.6.4 Influence of .temperature and strain rate 
on slip character 
A concept which is particularly useful in rationalizing 
the various fatigue cracking modes and their dependence on 
variables such as strain rate and temperature is that of slip 
character. (36, 37, 38) Qualitatively, c.'·p character is a 
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measure of the degree to which dislocations tend to disperse 
during plastic deformation. Materials deforming by planar 
shear offsets are produced on polished surface. This type 
of deformation is favoured by a low stacking fault energy, 
or 
ordering" the presence of coherent precipitates, 10"' temper-
ature, and small strains. The initial stage of fatigue 
cracking in planar slip material~ is along slip pl~nes and 
is referred to as Stage I cracking. For planar slip materials 
the degree of slip homogeneity is important in determining the 
rate of slip band crack initiation and propagation. 
Wavy slip or homogeneously deforming metals exhibit 
uniformly distributed, non planar dislocation arrangements 
and a general surface rumpling. This type of deformation is 
favoured by a high ~tacking fault energy, incoherent precip-
itates or particles, and large strain, but most importantly, 
by temperatures9reater than"'-' O.4T ...... (36,37,38,39,40,41) 
Most metals regardless of their slip character at low temper-
atures, exhici t wavy slip at temperatures:;::'- O. 4T", because 
thermal activation allows dislocations to cross slip and climb 
out of their original slip planes. Fatigue cracking under 
wavy slip conditions can occur in two modes: transgranular 
cracking perpendicular to the principal stress axis which is 
called Stage 11 fracture or inter granular cracking. An 
addi tional parameter of importance at temperatures> O.4T"';" 
is frequency of cycling, that is, strain rate. The reason 
for this is that dislocation climb and cross slip are time 
dependent processes so the amount of slip dispersal occurring 
at a crack tip in given cycle will depend upon the frequency 
of cycling. 
2.1.6.5 Temperature 
Most materials exhibit reduced cycles to crack initia-
tion and failure with increased temperature. The yield 
strength of material usually declines with increased temper-
ature, and thus, in il given fatigue cycle, there is greater 
cyclic pla~ticity as the proportion ef the plastic strain to 
total strain range increases. Even at a constant pla~tic 
strain range fatigue prof,··:ties are reduced with increasing 
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temperature because of the transition from transgranular to 
intergranular cracking. 
Fatiguc properties may improve with increased temper-
ature under certain circumstances. Most ferrous materials 
experience strain aging at temperature above room temp. (41) 
During strain aging, the pinning of dislocations by inter-
stitial atoms such as the precipitation of phases on dis-
location can lead to both a dispersal of planar slip and an 
increased yield strength. The former can lead to improved 
fatigue properties, while the latter can produce higher 
stress ranges for a given total strain range and reduce 
fatigue life. 
2.1.6.6 Frequency 
At low temperatures, large changes in frequency have 
little or no effect on fatigue properties except for fre-
quencies approaching the ultrasonic range. At elevated 
temperatures where time dependent processes become signifi-
cant, reductions in frequency generally produce major 
reductions in the cycles for crack initiation and propaga-
tion. One of the common explanations for the frequency 
effect is that elastic strain is converted into plastic 
strain as a result of creep deformation or stress relaxation. 
As with increased temperature, the effect of thermally acti-
vated deformation processes and oxidation on the promotion 
of intergranular cracking signIficantly accounts for lowered 
fatigue properties as frequency reduced. 
2.1.6.7 Combined effects of temperature and fregu~ncy 
Fig. 12 shows schematically the effect of frequency at 
different temperatures on the fatigue life of a wavy and a 
planar slip material. At low temperatures, TO' for both 
materials there is no frequency effect. For the wavy slip 
material, there is a reduction in life with increased tem-
perature and reduced frequency. For the planar slip material 
at T2 , the life first increases then falls with frequency. 
Raising the temperature tn T3 is equivalent to moving the T2 
T3>T2">Tl>TO 
Tl 
TO r-
;-, --~:::::---~ TO 
Nf I / / / Nf , 
P2 I 
T 2 V / I / '"" r " I I 
T3V r I T 
3 
1-
Frequency Frequency 
Fig. 12 The effect of temperature on fatigue life wavy and planar slip materials. 
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curve downwards and to the right, so that for frequency 
range indicated, there is only an increased fatigue life 
with increased frequency. Lowering temperature to Tl is 
equivalent to moving the TZ curve upward and to the left so 
that there is reduced fatigue life with increased frequency. 
2.1.6.8 Dwell and mean stress effect 
Increased tensile dwells and mean stress enhance 
thermally activated deformation, cavitation and intergranular 
cracking, and as a result; generally reduce fatigue life. 
The increased time per cycle upon introduction of a dwell 
period also promotes inter granular oxidation. One of the 
more interesting effects is that of a compressive dwell. 
There is evidence that compressive dwells retard or eliminate 
cavitation. On the other hand, once cavities are formed, 
the shape and therefore the rate of cavity growth may be 
dependent on whether a dwell is in tension or compression. 
A sharper flattened cavity can be produced with a compres-
sive hold and a rounder one with tcnsilc hold. (42) 
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2.1.6.9 Summary 
Elevated temperature fatigue fracture can be inter-
granular (along grain boundaries) or transgranular (across 
grains). The rate of crack initiation and propagation is 
much faster when it occurs intergranularly than when it 
occurs transgranularly. It is therefore, important to be 
able to predict the mode of failure for given service 
condi tions. If failure is transgranular, then it can occur 
in one of two modes: the Stage I mode is along slip planes 
and is in directions of high shear stress and the Stage 11 
mode is non-crystallographic and normal to the principal 
stress direction. 
The transition from transgranular to intergranular 
fracture and the rate of intergranular cracking can be 
related to the creep component and the amount of oxidation 
tkQ. 
occurring in~fatigue cycle. Increasing the creep component 
and the degree of oxidation promotes inter granular cracking. 
The creep component is.dependent on the temperature, frequency, 
hold time and normalstress. Cracking often starts in the form 
of cavities or micro voids and the surface of non-metallic 
precipitates in grain boundaries. It has been demonstrated 
that such cavity formation occurs more easily in the presence 
of a fatigue stress' than for the case of simple creep. 
Oxidation ~ttack also promotes inter granular cracking because 
grain boundaries and their er.virons are zones of chemical 
segregation and precipitations that have poor oxidation 
resistance. The preferential oxide penetration along a grain 
boundary is equivalent to a grain boundary notch of the same 
dep th. 
Perhaps the most success to date has been in relating 
the slip character and transgranular fracture mode of 
material to conditions of temperature and frequency. Planar 
slip, is favoured by low tempera tures, small strains, and high 
frequency in materials of low stacking fault energy. 
The concepts of slip character, creep component, oxid-
ation and fracture mode have been used in 
to explain high temperature low cycle 
a qualitative manner 
fatigue. 
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2.2 Fatigue Crack Propagation Behaviour of Ti-6Al-4V 
(IIH 318) 
The extensive use of Ti-6AI-4V forgings in aircraft 
gas turbine structures has generated considerable interest 
in its low cycle fatigue behaviour. 
Ti-6AI-4V allowed an important step 
The availability of 
to be ta ken in the 
development of applications for titanium alloys in aircraft 
gas turbine engines, namely the use of titanium for compres-
sor discs. 
The Ti-6Al-4V alloy has modest quanti ties of bothe(-
stabiliser (aluminium) and ~ -stabiliser (vanadium) thereby 
combining reasonable strength with good 
0.2 per cent proof-strength-temperature 
foregeability. The 
relationship and low 
cycle fatigue properties of Ti-6Al-4V are compared with those 
other more recently developed titanium alloys in Fig. 13 and 
14 (43) respectively. The relationship of strength to 
fracture toughness of titanium alloys (43) including Ti-6-4 
is shown in Fig. 15. (43) 
The 01./ f!o titanium alloys are most often used in the 
annealed condition and it should be noted that both micro-
structure and some mechanical properties may differ depending 
upon whether or not prior forming was carried out above or 
below the ~ -transus. 
Table 2.1 compares the properties of the alloy Ti-6Al-4V 
forged in these conditions. It should be noted that although 
tensile properties are fairly similar, the samples forged in 
the 0(. +fo phase field (equi-axed grains) are more ductile, 
whereas fracture toughness and fatigue strength are both 
notably higher in ~ -forged and annealed material (acicular 
widmanstatten structure). 
Work on .Ti-6Al-4V rolled plate has indicated that the 
superior fatigue performance with the ~ -annealed conditions 
is associated with relatively slower rates of crack propa-
gation, Fig. 17. (44) This effect, in turn,is attributed to 
the slower progress of cracks through the Widmanstatten 
structure, especially at stress intensities below a critical 
value (T in Fig. 17) when desirable crack branching occurS 
wi thin packets of the 0<. -la ths. 
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Fig. 14 Typical low cycle fatigue progerties for 
various titanium alloys at 20 C. 
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Ti-6AI-4V 
BA 
T 
I I I 
20 50 100 
Stress-intensity factor range AK(HPa mt) 
Fig. 17 Fatigue crack growth rates for Ti-6Ai-4V 
rolled plates in the~-annealed (BA) and 
mill-annealed (HA) conditions. 
BA" = 0.5h 10380 C, ai r-cool to room temper-
ature. Tests conducted at 5Hz using 
compact tension specimens. Ratio of 
minimum to maximum load = 0.1. 
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Table 2.1 Properties of annealed Ti-6Al-4V forgings ( 45 ) 
Forging treatment 
Properties 0( + P (3 
Phase field Phase field 
Tensile Ultimate (MPa) 978 991 
Tensile Viel d (MP a) 940 912 
Tensile Elongation ( %) 16 12 
Reduction in area (%) 45 22 
~ 
Fracture toughness (MPam') 52 79 
107 Fatigue limit (MP a) :!"494 :!"744 
o Annealed 2 hours at 705 e, air cooled after forging 
o<./f3 transus 1005 0 e 
Axial loadings = smooth specimen kr = 1.0. 
Fig. 16 illustrates the crack propagation rates of 
various titanium alloys at room temperature. IHI 685 exhibits 
lower crack propagation rates than IMI 318. ~his is due to 
the basket wea!e type microstructure of IMI 685. 
There is general agreemen~ in the literature and enough 
experimental evidence that refining the microstructure of the 
Ti-6Al-4V alloy results in an improvement of fatigue strength 
of smooth specimen. 46 Fatigue crack propagation rates were 
-9 -7 
measured in the range between 10 and 10 m/cycle in vacuum, 
laboratory air, and 3.5 percent Nael solution. 46 The results 
are shown in Figures 18-20. The vacuum tests revealed that 
the coarse equiax6d microstructure exhibited a slower crack 
propagation rate than the fine equiaxed structure (Figure 18). 
The bi-modal structure showed the slowest crack propagation 
rate, this is probably due to the lamellar portions of the 
structure. In the presence of an aggressive environment 
(laboratory air, Fig. 19 and 3.5 percent Nael solution, Fig. 
20), the crack propagation rates were faster and the difference 
between the three microstructures became smaller. 
- 45-
Fig. 18 Fig. 19 
* da (m/cycle) * di1 // 0-7 lO Vacuum Air I . 
/ 
/ / , , 
/ .I // , / .I 1/ / .' 
1/ / / lO- 8 / ' 10-8 I' I .I 1/ I / 
I ! // I I 
0-9 
I I 10-9 1/ I • I' I ! I I I 
I . 
5 10 15 20 5 10 15 20 1 1 
AK(I1Pa.m') AK(HPa.m') 
* 
3.5%NaCl 
solution Fig. 20 
10- 7 
/ " 
, 
/,-/ 
// 
Fine 
10- 8 j?' Equiaxed 
// ----
./ Coarse 
/ --~-.- . Equiaxed 
Bi-Modal 
10- 9 
5 10 115 20 
t:. K(HPa.m') 
- 46-
Recent studies of sustained load cracking in titanium 
alloys have shown that highly accelerated crack growth can 
occur at sub-ambient temperatures in alloys containing 100-
47 300 ppm hydrogen. 
The influence of hold-time or dwell on fatigue properties 
of structural materials has been the subject of considerable 
interest over recent years. This interest has been generated 
in part by the fact that engineering structures are frequently 
subjected to this kind of loading sequence, and in part 
because surprisingly large effects are sometimes observed with 
relatively short hold times. These effects generally take the 
form of decreased fatigue life in conventional stress or strain 
versus life testing,48 or in the form of increased fatigue 
crack growth rate in crack propagation tests. 49 In most 
materials, the increase in crack growth rate or decrease in 
life is accounted for on the basis of either an environmental 
interaction or alternatively can be ascribed to the influence 
of creep on deformation or cavitation during a tensile hold. 50 
The situation with titanium alloys is somewhat different 
in that hold time effects has been reported at temperatures 
below those at which significant environmental or creep 
effects take place. The work on crack propagation behaviour 
confirmed that a dwell period 51 at peak stress can signifi-
cantly increase the rate of crack growth da/dN at a given 
range of stress intensity Ak. Previous work on IMI 318 
clearly demonstrates that the crack propagation dwell sensi-
tivity disappears at temperatures in the range 350 and 425k. 
Fatigue crack growth studies on Ti-6AI-4V at growth rates 
1 0 - 7 - 4 I .. 52 of - 10 mm cycle 1n alr have shown that micro-
structural variations can produce. variations in crack growth 
rate by a factor between 3 and 10 when testing at R (L mini 
L max ratio) of 0.35. 
The effects of microstructure are considered to be the 
least important of the variables involved in fatigue crack 
growth. 53 Experimental work on the influence of microstruc-
tural parameters on fatigue lives have usually concluded that 
any improvement in fatigue ratio occurs through an improvement 
in initiation 
fa tigue crack 
behaviour rather 
51t.55 growth. ' 
than increased resistance to 
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There have been a limited number of investigations into 
growth rates in Ti-6AI-4V material, most of them at medium 
to high growth rates with Ak levels of between 7 and 20 
MNm 3 / 2 56,57,58 Bucci et al 59 have performed a low growth 
rate investigation in Ti-6AI-4V and conclude that a threshold 
for crack growth exists at .o.k values of 4-6 t-lNm 3 / 2 , and that 
there is no significant effect of microstructure. At low 
growth rates they and Mayn 56 reported the observation of 
cleavage like features on the fracture face. 
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CHAPTER 3 
3.0 REVIEW OF EXPERIMENTAL TECHNIQUES 
3.1 Techniques of Crack Measurement 
Introduction 
It is generally recognised that failure by fast 
fracture of an engineering componen~ is often preceded by 
slow crack growth. Consequently much effort has been 
devoted in recent years to studies of the initiation and 
propagation of such slowly growing cracks. Optical measure-
ment of crack length in a laboratory test piece using a 
travelling microscope or similar instrument is both simple 
and inexpensive. There are many instances where this direct 
approach is unsuitable, however, perhaps for physical reasons 
as when the cracked material is enclosed in a furnace chamber 
or where tests take place over extended periods of time. 
Furthermore, optical measurements are in general restricted 
to the free surface and may be unrepresentative of the 
behaviour in the interior. For complicated experimental 
situations exemplified above, several indirect methods of 
measuring crack length, have been developed. 
One of·the most popular, techniques used both to determine 
the 6nset of cracking and to measure crack length growth rates 
has been the electrical potential method, with d.c. current or 
a.c. current. The electrical potential techniques have been 
in use for over 15 years for measuring crack lengths in 
metallic fatiguc and fracture specimens. Briefly this entails 
passing a constant current through a cracked test piece under 
load, and measuring the potential difference across the crack. 
As the crack extends, .thc uncracked cross sectional area of 
the test piece decreases, its electrical resistance increases, 
and the potential difference between two points on either 
side of the crack rises. By monitoring this potential increase 
(V
a
, and comparing it with a reference potential (Vb' measured 
elsewhere on the test piece preferably in a region ~hich is not 
affected by cri:ck grolith, 'the crack length to test piece width 
ratio (a/w' may be determined. 
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, (60-63) Direct current systems were the f1rst to be used. 
The initial systems involved measurements of electrical 
potential changes in the millivolt range.(60-61) Secause of 
the low resistance of metallic specimens, high direct currents 
(on th~ order of tens of amperes) were needed. Measurements 
were typically made on a point-by-point basis because of the 
particular measurement (null) techniq~e, and the need to have 
the current switched on only during measurements to minimise 
seecime~ heating. To avoid the use of these high direct 
currents, systems capable of measuring potcntial~ in the 
microvolt r"ange were later utilized. (62-63) Poi~t- by-point 
measurements were made at fir~t using a null technique (62-63) 
with th~ availability of low-noise, high-gain d.c. amplifiers, 
, ' d'" tIt'1 ' d (64- 65) cont1nuous recor 1ng sys ems are now common y u 1 1ze • 
The d.c. systems are somewhat limit~d, however, because 
of their sensitivity ,to thermally induced electromotive 
force (emf) (associated ~ith thermocouple effects) and the 
limited potential for further reduction in their sensitivity 
to "noise". To circumvent some of these limitations of the 
d.c. systems, alternating-current systems have been assembled 
to take advantage of the noise rejection capabilities of lock-
in-amplifiers and the high gain associated with these ampli-
fiers. (66-67) These systems, being a, c. systems, would be 
insensitive to thermally induced d.c. potentials, and are 
capable of sensitivity in the nanovolt range. Signal dis-
crimination is facilitated in a.c. systems by the ability to 
tune the measuring instrument to the excitation frequency. 
Both the d.c. and a.c. potential systemshave gained 
acceptance as reliable, accurate and cost-effective methods 
for measuring crack lengths in fatigue and in other fracture 
specimens. They can be readily integrated into a suitable 
data acquisition system for continuous monitoring of crack 
growth experiments. They can also form an integral part of 
automated materials testing systems for data acquisition and 
provide for control of simple and complex crack"growth 
experiments. 
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3.1.1 The Direct Current System 
The block diagram of a typical d.c. potential system 
is illustrated in Fig. 21. The system is composed of a 
"constant" current source and a means of measuring th~ 
potential differences which are produced across the crack 
plane. The constant current source should of course be 
highly stable for most accurate work and a capability of 
supplying up to 50 amps is required if the specimens of low 
resistivity and large size are to be used. (In the experi-
mental work current of 10 amps was used for 12.7mm thick 
Ti-6Al-4v specimen). 
S~nce the specimen resistance is very low (much less 
than lohm), the constant current source is often replaced by 
a constant voltage source, with suitable current limiting 
resistors to establish the desired current level. In addi-
tion to or in place of the recording instruments the output 
of the amplifier may be connected to a data acquisition 
system or to a digital computer. 
The potential differences which are produced in a test 
are dependent upon the magnitude of the current, the specimen 
resistivity, thc specimen shape a'nd size', the length of the 
crack, and the current lead and potential probe positions. 
The connection of the current leads to the specimen is 
achieved through brass bolts screwed in~the specimen. 
Sometimes specimens such as the CTS shown in Fig. 21 
are insulated by using sheaths pver the loading pins. Insu-
lation at these points has caus~d problems with specimen 
temperature stability during fatigue testing, however, due to 
either friction heating effects or simply because of thermal 
insulation 
mass. (68) 
of the current-carrying specimen from the grip 
Whether insulated or otherwise, tight fitting 
loading pins mus t be a vo i ded beca u se o,f 0 b\' io u:; fr ic ti on 
problems. Tight, uninsulated pins also create an additional 
problem of a variable c6nducting path across the holes and 
consequent modification of the potential field in the 
speci~en. 
........ 
Damping Circui t . 
z ero 
upp ression I--A Amplifier 
Probe wires T 
~ 
0 0 I-- Recorder 
Specimen 
Current leads 
Constant Load Input 
Current 
Source 
Fig. 21 'A d. c. potential drop block circui t diagram 
I 
I.M 
f-' 
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The above paragraphs have described the basic require-
ments of a d.c. potential drop system, but the sensitivity 
and accuracy may be improved by attention to the following 
points. These are of particular importance in an appli-
cation where measurements of microvolt and submicrovolt 
potentials are required and where long term stability is at 
a premium. 
(i) Thermal effects can be major sources of error 
and it is recommended that a controlled temper-
ature room be used for the potential drop 
(ii ) 
( . . . ) l.l.l., 
equipment if available. Alternatively, benefit 
can be obtained if the stabilised current 
source and the zero suppression facility Gre 
contained in a constant temperature enclosure. 
Avoid dissimilar metal connections. 
Avoid large-scale specimen plasticity. An 
error in potential measurements may occur 
when a substantial amount of plastic deform-
ation occurs in the material ahead of the 
crack tip. Changes in potential can occur, 
caused by a change in shape of the crack tip 
and changes in potential resistivity of the 
plastically deformed material ahead of the 
crack tip. These changes in potential are 
not associated with an increase in c~ack 
length, making crack length measurement 
inaccurate. 
(iv) Remove oxides from both the specimen and the 
lead wires, as they can introduce very large 
resistance into the excitation and measure-
ment circuits. The presence .of oxides at 
junctions can serve as a source of signifi-
cant thermal emf errors in a d.c. potential 
system. 
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3.1.2 A.C. System 
A typical a.c. potential system is illustrated in the 
block diagram in Fig. 22. The system is built Ground a lock-
in amplifier and includes, in addition, a power amplifier 
(operated as a constant current operational amplifier), an 
isolation transformer, and appropriate recording and data 
acquisition systems. The power amplifier is driven by a 
reference signal from the lock-in amplifier to supply the 
specimen with a constant current a.c. excitation.signal. 
The constant current level is determined by the wiring con-
figuration of the power amplifier and the sampling circuit 
resistors. Typically this is approximately 0.?5A. 
The input signal consists of the desired potential 
signal at the reference frequency combined with broad-band 
noise picked up from stray magnetic and electrical fields 
and other sources. Since the potential signal at the 
specimen is small "-'100 microvolts), thc signal-to-noise 
ratio of the input signal may also be quite small and the 
resolution of the potential signal within the noise may be 
unacceptable. The frequency discrimination characteristic 
of the lock-in is used (67) to selectively amplify the 
desired potential signal for measurement. The noise rejec-
tion capabilitics of available lock-in amplifiers allows 
them to handle signals with signal-to-noise ratios as low as 
0.1. 
3.1.3 Calibration 
To use the potential systems for measuring crack 
lengths, the relationship. between specimen crack length and 
potcntial for a particular specimen plan form must be estab-
lished. This relationship can be determined experimentally, 
analytically, (69) or 'bY numerical methods. (70,71) ~nalytical 
techniqucs are suitable for simple specimen geometries (such 
as center-cracked tension specimens), but are difficult to 
use because of problems encountered in modelling the complex 
geometry of most specimens. Numerical methods, unless they 
are quite sophisticated, tend to yield relatively crude 
r····,ul ts. Experimental (' .. ::ermination with a specimr:' on the 
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Fig. 22 Schematic diagram of the a.c. potential system 
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other hand, in the most straight forward actual operating 
conditions can be exactly duplicated. This method also 
provides data for making statistical estimates of the 
uncertainty in crack length measurements. 
When determining specimen crack lengths from potential 
measurements it is desirable to eliminate specimen-dependent 
effect from these measurements. Normalization of potential 
readings with respect to a reference potential for each 
specimen is used to eliminate from these measurements any 
variations in potential caused by changes in specimen 
resistivity with temperature or by thickness difference from 
one specimen to another. Normalized potential, however, is 
only dependent on changes in specimen resistance produced by 
crack extension when all other yaria~les remain constant. 
The normalised potential depends on the distributed electric 
field within the specimen and this specimen planform and 
probe position in general requires a separate calibration to 
determine how crack length is related to the normalized 
potential. Conversely, however, geometrically similar (but 
dimensionally different) specimens should exhibit the same 
normalized potential dependence on normalized crack length 
(that is, the ratio between crack length and the reference 
crack length). The normalized potential, from which crack 
length can be determined after calibration, is usually taken 
to be the ratio of the difference between the absolute and 
reference potentials (V-Vr) to the reference potential (Vr), 
or 
v = V-Vr 
vr 
The reference potential, Vr, is the specimen potential 
corresponding to a reference crack length. 
Calibration data obtained with both a d.c. and a.c. 
potential system are shown in Fig. 23, along with a fitted 
polynominal curve for the data. Both systems show approx-
imately a 50 percent increase in normalized potential occur-
ring over the useful crack length range of the specimen, so 
that good crack length sensitivity is obtained. Data 
obtained from both systems are in agreement over the entire 
range of crack lengths. 
Method 
Microscopy 
techniques. 
Mechanical 
methods 
Acoustic 
methods 
Electrical 
techniques 
TABLE 3.1 
Crack Growth Measurement Technigues 
Usage 
Sheet and plate test pieces. 
Photography sometimes used. 
Roating bend test pieces, 
sheet, plate and others 
depending on displacement 
gauge used. 
Applicable to most types 
of test-piece. 
Continuity gauge usually 
used on sheet and plate 
samples, could be used 
for surface measurements 
on other test pieces. 
Advantages 
Cheap, easy 
installation. 
Used of compli-
ance change which 
can be measured 
ex ternally away 
from specimen. 
Very small probe 
required, can be 
mounted easily; 
useful in low and 
high temperature 
tests. 
Electrical signal 
gives easy 
automation. 
Di sadvan tages 
Difficulty of crack tip 
location without strobo-
scopic light. Only surface 
measurements possible 
during test. Difficult to 
automate. 
R~stricted to test wherc 
compliance calibration 
(relationship between 
specimen stiffness and' 
crack length) is known. 
Errors due to background 
noise and calibration is 
difficult. 
Difficulty of connecting 
wire and foil gauges. 
Gauges must break when 
crack passes. Only 
surface measurements. 
I 
'" .... I 
Method 
Eddy currents 
Electrical 
resistance or 
potential 
measurement. 
Ultrasonics 
Table 3.1 (continued) 
Usage 
Used on surface crack 
monitoring of sheet test 
piecesj others should be 
possible. 
Used on sheet and plate 
test pieces. 
Ideally suited to 
compact fracture 
toughness test piece. 
Advantages 
Easily adapted to 
automatic process -
small probe which is 
not in contact with 
test piece. 
Easily adapted to 
automatic process. 
Only four leads 
attached to specimen. 
Therefore ideally 
suited for high or 
low temperature tests. 
Easily adapted to 
automatic process. 
Internal measurement 
of crack front. 
Disadvantages 
Not yet used on thicker 
samples, may only be 
useful for surface 
measurement. Expensive. 
Problems of insulating 
the test piece. 
Initial calibration 
problem thought to be 
overcome. 
Expensive compared to 
other techniques. 
Measurement restricted 
to thicker type of 
test piece. 
I 
\J1 
(» 
I 
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The equation of the experimental cal·ibration curve 
can be expressed as 
Q = 15.9 + 52.0 V 2 . 3 + 26.0 V - 41.4 V (Q in mm) 
The coefficients were determined from the experimental data 
by the method of least squares, and statistics on the pre-
cision of the data were used to select the order of the poly-
nominal forthe calibrution equation. Apart from the direct 
observation of the specimen's surface and techniques des-
cribed in Section 3.0, various other means of crack measure-
ments have been developed and these are summarised in Table 
3.1. 
3.2 The Servo-Hydraulic Test M8chine 
In recent years there has been a marked increase in 
the use of servo-hydraulically cperated fatigue machines, 
Fig. 24. (72) In such systems the load generated by hydraulic 
cylinder is mcasured by a strain-gauged dynamometer or load 
cell in series with the specimert. The signal from load cell 
is amplified and compared in a differential amplifier with 
the desired signal obtained from the daia input. The output 
of the differential amplifier is transmitted to a servo-
valve which controls the cylinder. This system thus fcrms a 
closed-loop control circuit. The loop may also be closed 
from a displacement transducer or a strain gauge on the 
specimen instead of the loa& cell, if desired. The energy 
required is provided 
at constant pressure 
by a hydraulic pcwer pack which operates 
-2 (usu~lly in the range 20-30 MNm ). 
A major advantage of such machines is their flexibility 
oL operation. Much larger specimen deflections are possible 
than can be achieved in electromechanical machines, although 
the operating frequencies for large strokes are necessarily 
low unless very large hydraulic pumping capacity is avail-
able. Thus, components involving large deflections as well 
as conventional stiff test-pieces can be accommodated. A 
more important advantage, however, is the versatility of the 
system regarding the input hLgnal which can be acriepted. 
- 60-
Fig. 24 Scheme of an Electro-Hydraulic Fatigue 
Machine with Servo-Control 
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Virtually any analogue signal, for example, from a function 
generator, random noise generator, magnetic tape, or punched 
paper tape reader, can be used on input. Thus, not only 
constant amplitude waveforms or simple block programs. but 
also random waveforms,. such as service-recorded stress his-
tories, can be accommodated. Materials specimens or compo-
nents, therefore can be subjected to much more realistic 
fatigue testing than is possible in conventional machines; 
this also applies to the use of servo-hydraulic actuators 
in loading-frame testing of components and structures. The 
major disadvantage" of servo-hydraulic machines is that the 
power consumption is generally much higher than that of com-
parable conventional machines. 
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CHAP TER 4 
Experimental Work 
4.1 Introduction 
Before crack growth studies can be performed on the test 
specimens, it is necessary to.precrack the specimens to 
provide consistently sharp fatigue cracks of adequate size 
and straightness. 
During precracking it is necessary to select a stress 
intensit~ amplitude such that the maximum stress intensity at 
the tip of the crack does not exceed the initial maximum 
stress intensity at the same point in the specimen during the 
actual crack growth test, in order that the residual plastic 
zone does not interfere with subsequent fatigue crack growth. 
As it is the intention to perform fatigue crack testing with a 
maximum stress intensity of 18 MNm- 3 / 2 it was decided that the 
maximum 
greater 
stress intensity at the tip of the crack should not be 
-3/2 than about 15 MNm at the end of precracking. 
One approach to precracking, then, is to select an appro-
priate load cycling range on the test machine to'produce the 
stress intensity range of 1.5 - 15 MNm- 3!2 (using a R-ratio of 
0") at the tip of a machined notch in a compact Tension type 
test specimen and cycle the load over this constant load ampli-
tude until a precrack of the appropriate length is obtained. 
Whilst this approach is feasible, it is very inefficient 'as it 
will take a long time to initiate and grow a fatigue crack at 
the root of the notch at such a low stress intensity· amplitude, 
An alternative approach is to start the precracking with 
a much greater maximum stress intensity (25.5 HNm-3 !2 in this 
case) to encourage rapid crack initiation and initial growth, 
reduce the stress intensity range progressively as the crack 
extends, and finish precracking with crack growing at a maximum 
·stress intensity value of 15 MNm- 3!2. This approach will 
reduce the precracking time drastically, but requires constant 
monitoring of crack length and periodic adjustment of reduc-
tion load limits. This can be done manually or by computer 
control of the testing machine. The design and implementation 
- 63-
of the computer control approach is the subject of this 
project, details of which will be given in this chapter and 
Chapter 5. 
4.2 The Size of the Crack Tip Plastic Zone 
The material at the tip of a crack is assumed to remain 
elastic even though the stresses are very high. In practice, 
materials (especially metals) tend to exhibit a yield stress, 
above which they deform plastically. This means that there is 
~lways a region around the tip of a crack in a metal, where 
plastic deformation occurs, and hence a stress singularity 
cannot exist. 
plastic zone. 
The plastic region is known as the crack tip 
The extent of the plastic zone ahead of the crack tip may 
be calculated by equating Cy to the yield stress of the 
material (see diagram below). 
. .. Slze rp. 
y 
y s f-''-'''---'I.. 
* I rp I 
This gives the plastic zone 
First estimate of 
Plastic zone size 
_ ........ : I 
:- ~)~------------------------r 
'- ./ 
thQ. 
The 6y stress ahead of the crack in"plane 9 = 0 is as shown 
until a distance rp~ from the crack tip 6"y ;>IfY s 
.. To a first approximation rp = siz~ of plastic zone. 
Oy = Cos 'a/2 (1 + Sin 9/2 Sin 39/2) 
Ife = 0, ay = KI . I (l + 0) 
---
2"Arp 
Substitute (\y = Oy 
we get 
(Yys = KI 
J27"rp" 
-'I' 
s 
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4.3 Limiting C["ack Lengths 
The object of prefatigue cracking is to obtain a crack 
length of 1.60mm. rt i! the intention to perfo["m subsequent 
fatigue c["ack propagation tests at peak stress intensities of 
18 MNm- 3 / 2 and above. For this reason it is necessary to 
ensure that the ·limit of the crack tip plastic zone at the end 
of the precracking does not exceed the limit of the plastic 
zone caused by loading the specimen during the subsequent crack 
propagation tests. 
This requires the calculation of the limiting crack 
lengths at which the stress intensity is reduced during pre-
cracking. 
A diagramation ["epresentation of the limiting crack 
lengths is shown below. 
tip of 
machined 
Kr= 21. 0 
Kr = .25.5 
Kr = 24.0 
Kr = 22.5 
diameter of 
plastic zone notch 1· 
cr--17~~mI--~~tttt~~~Kr= 15.0 /" mm 
a . 
m1.n 
* * = (1. 60 - 2 rp ) - r p 
rp"'(I~ ~ O·DSS'i 
(15 ) 
* 2rp 
I(r= 16.5 
4(r=18.0 
(2 ) 
The limiting crack lengths at which the stress intensi-
ties are progressively dropped are calculated from equation 
2 where factor of 2 is used to work out the plastic crack tip 
sizes at all stress intensit~ levels to allow for any vari-
ations of the real c["ack tip plastic zone fro ..... the calculated 
sizes. 
The maximum load applied during fatigue precracking 
cycling was calculated from the expression: 
KI = P [29. 6(a/w) t -
---:r' 
BW' 
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185.5(a/w)3/2 + 655.7(a/w)5/2_ 
7/2 9/;1 1017(a/w) + 638.9(a/w) =.J 
where KI = maximum stress intensity.in MNm- 3 / 2 
P = Applied load in MN 
a = Crack length in m 
w = W id th in m ~ 
8 = 
Table 4.1 shows different applied load for different stress 
intensities. 
KI HAX LOAD 
(HAX) APPLIED 
MNm- 3 / 2 (KN) 
25.5 9. 55 
24.0 8.21 
22.5 7. 68 
21. 0 7. 15 
19.5 6.63 
18.0 6.11 
16. 5 5. 60 
15.0 5.08 
Table 4.1 
* 2rp 
(mm) 
0.2068 
0.1836 
O. 1610 
0.1404 
0.1210 
0.1032 
0.0866 
0.0716 
'. 
a/w 
Ratio 
0.3063 
0.3072 
0.3081 
0.3089 
0.3096 
0.3103 
0.311 0 
O. 3116 
0.31299 
* rp 
(mm) 
0.1034 
0.0918 
0.0805 
0.0702 
0.0605 
O. 0516 
0.0433 
0.0358 
amin 
(mm) 
1. 4292 
1. 452 4 
0.1476 
1. 4956 
1.515 
1.5328 
1. 5494 
1.5644 
1. 600 
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4.4 Material and Specimen Geometry 
The material used for the precracking experiments was 
Ti-6Al-4V, manufactured by IMI Ltd., designated IMI 318, 
and was provided by Rolls Royce Ltd., Derby. The composi tion 
and mechanical properties as shown in Table 4.2. The 
material is two-phase o{/ ~ alloy, and was heat treated for 
one hour at 960 0 C, water quenched then ann~aled for two hours 
at 700 0 C. This heat treatment was carried out at Rolls Royce. 
In addition to providing stress-relief, this treatment results 
in the formation of an equi-axed structure composed of <>( -
qrains and grains of transformed ~ (Figure 25). 
The compact tension (CT) specimen was used (Figure 26). 
The specimens were machined by Rolls Royce Ltd. The specimen 
is loaded through pins passing through the holes on both sides 
of the machined slot. 
The pin-to-hole clearance are designed to minimise 
friction there by eliminating unacceptable and movement that 
would invalidate the specimen K-calibration. 
"'I))t 
The machined.notch in the CT specimenAbe at least 0.21V 
in length so that the K-calibration will not be influenced 
by small variation~in the location and dimensions of the 
loading pin-holes.. 
Table 4.2 
0.2% 
% % % Proof Tensile % Rela-
IILLOY Ti AL V Stress Strength El 0 n g- ti ve 
(MPa) (MP a) ation Density 
ItU 318 BAL. 6.0 4.0 925 990 14 4.46 
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Figure 25(a). Micrograph of (Ti-6Al-4V). The 
structure consists of equi-axed grain of 0<. (white) 
and transformed 12> (widmanstatten 0<. )x 600. 
Etched in 10% HNO) + i%HF + 88% H2 0. 
Figure 25(b). SEM micrograph of (Ti-6Al-4V) x 2400. 
Etched in 10% HNO) + i%HF + 8A% H2 0. 
Figure 26 
Compact tension 
test piece 
I bs ( All dimensions I 0 in mm) 
I Q:J 
°0 C> 
'" cD T , 
I 
19.65 
25. 4 
32 
I = current I/O 
A = P.d probes 
".., 
.:t A .. :::':' 
..... A 
12. 7 
'" . 
"'-
..... 
N 
..... 
".., 
I 
"' (» 
I 
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4.5 Crack Measurement 
The crack lengths were determined using the d.c. 
potential drop method. The potential drop technique is a 
widely accepted method of monitoring crack initiation and 
growth in controlled laboratory tests. In its simplest 
form it involves passing a constant current through the test 
piece and measuring the electrical potential across the crack 
plane. As the crack propagates the resistance and hence the 
measured potential drop increases due to reductions in the 
uncracked cross section area of the test piece. 
The potential drop technique has many adv~ntages over 
optical measurements of crack length. It provides an average 
measurement, inclusion of crack front curvature, and because 
it does not require visual accessibility, test may be con-
ducted in any.sealed environment. Furthermore the output is 
the form of a d.c. signal which is continuDus and which 
permits automated data collection and processing. 
4.6 Current Supply 
A constant Current of 10 amps was supplied by a FARNELL 
(Model No. H30/100). The constant d.c. current was supplied 
to the top and bottom ends of the specimen. The leads from 
the power supply terminate in copper lugs which are fitted 
over the threaded studs on the ends of the specimen and 
0 .... 
screwed~by washers and nuts. To ensure that the current does 
not flow through the test machine the top loading bar of 
machine was insulated electrically from the rest of the test 
frame by the use of a "TuFNOL" disc pad and TUFNOL sleeves 
in the bolt holes. 
4.7 Potential Dr·op Mea·surements 
The potential drop across the uncracked ligament of 
the specimen was measured by spot-welding two fine chromel 
(20% Ni/80% Cr) wires to the end face of the specimen on both 
sides of the machine~notch. As the electrical resistance of the. 
specimen is very low the potential drop is correspondingly low 
(of the "':der of milli·voltl) and h(u therefore to be amplified 
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before it can be easily recorded or fed into the c6mputer. 
A gain valve of approximately 1000 was used, the actual gain 
setting was so selected that the ini tial d. c. signal was just 
over 8 volts. The actual gain of the signal was unimportant 
as the crack calibration curve was based on the relative 
voltage drop V/VD, where VD is the initial voltage drop. 
The amplifier used is a high gain (up to x 10,000) high 
stability d.e. strain gauge amplifier supplied by E.S.H. Ltd. 
as part of the test machine. 
During the pre-cracking tests. the computer program was 
so written that crack length measurements were taken only when 
the specimen was at peak tensile load to ensure that the 
measurements were taken when the crack faces were open and 
therefore not in intermittent electrical contact with each other. 
4.8 Crack-Cal~bration' Curve 
. 
The calibration curve for measuring crack length was 
provided by Rolls Royce Ltd. Table 4.3 shows some of the 
calibration results extracted from the calibration curve. The 
voltage drops and crack lengths were normalised to V/VD = 1.000 
at a/IV = 0.244. 
Table 4.3 x = (~o x 1 0 ) - 1 0 
VIVO = x-axis a/w = y-axis 
1.000 0.000 0.244 
1. 095 0.95 0.300 
1.195 1. 95 0.350 
1. 265 2.65 0.400 
1. 395 3.95 0.450 
1.460 4.60 0.500 
1. 60 6.80 0.550 
1.685 6.85 0.600 
1.805 8.05 0.650 
1.965 9.650 0.700 
2.105 11. 050 0.750 
2.280 12.80 0.800 
2.600 16.00 0.850 
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A polynominal curve fitting exercise was performed on 
the above data to smooth the data or to allow interpolation. 
A polynominal equation of the form 
2 3 4 y = a + bx + cx + dx + ex 
where a, b, c, d and e are the coefficients of the poly-
nominal. The data were fitted to a polynominaJ of the fourth 
order with the aid of a computer and following coefficients 
were obtained. 
e = 0.244050314 
d = 0.0598413969 
c =-1.11301128 x 10- 3 
b = 7.6149487 x 10- 6 
a =-1.2678003 x 10- 6 
Since y = a/wand x = VIVO the equation giving normalised 
crack length in terms of normalised voltage drop is:-
a/w = 0.24405 + 0.05894 (V/VO) - i.113 x 10- 3 (V/VO)2 
+ 7.615 x 10- 6 (V/VO)3 - 1.2678 x 10- 6 (V/VO)4 
a = crack length 
w = width 
v = vol tage drop 
VO = initial voltage drop 
The equation (together with the calibration data) is 
plotted out in Figure 27. 
a/IV 
90 
85 
80 
75 
70 
65 
60 
55 
50 
1;5 
40 
35 
30 
25 
, 
20 
r 
0 
XIO- 2 
12 
Figure 27 Comparison of CT Pd calibration 
results derived from theoretical, 
electrical analogue and beach 
marking methods, normalised 
to VIVO = 1 at a/IV = 0.244. 
14 16 18 
VIVO 
20 22 
VIVO a/IV 
1.0 0.244 
1. 095 0.300 
1.195 0.350 
1. 2 65 0.400 
1. 345 0.450 
1. 460 0.500 
1. 600 0.550 
1. 685 0.600 I 
..... 
1.805 0.650 N 
1. 965 0.700 I 
2.105 O. 75 
2.280 0.80 
2.600 O. 85 
24 26 
XIO- l 
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4.9 Test Procedure 
In a closed-loop servo~control1ed machine the specimen 
is loaded or strained according to the instantaneous magni-
tude of the analog command (or input) signal. The machine 
is equipped wi th analog ramp, sine wave, triangle wave and 
square wave signal sources. The frequency and amplitude of 
these waveforms are selected by manual setting of the 
potentiometers on the front of the instrument panels prior 
to the test. Once set the machine will maintain cycling at 
the constant frequency and amplitude. In fatigue pre-
cracking, however, it is necessary to vary the load ampli tude 
(and therefore the stress intensity amplitude) in such a way 
that the stress intensity amplitude is rather high at the 
commencement of cy~ling (to encourage the early initiation 
of a crack) and progressively reduced as the crack propagates 
so that the maximum stress intensity when the crack has grown 
to the desired length is a little less than that attained 
during subsequent crack propagation testing. As it is not 
possible to make the machine alter the amplitude of signal 
produced by the signal sources mentioned above automatically 
as the crack grows, it is necessary to. interface an APPLE 11 
computer to it to perform the two functions necessary to do 
this: 
(i) The computer must produce the analog signal of 
the appropriate' frequency and amplitude (i.e. 
it must act as an analog signal source); 
(ii) It must compare instantaneous crack length 
against preset crack lengths and decide 
whether or not to reduce load amplitude. 
The lines of communication between the computer systems and 
typical closed-loop test are shown in Figure 28. 
Axial, diametral or 
plastic displacement 
si gn a] Analog Computer Temperature controller 
Analog/Digi tal - I 
I Temp signal 
Line 
pr in ter I· LVDT 
Disc 
Computer 
Digital 
/Analog 
Mode 
switch 
xial cOll.trol 
L-.d---- Feedback 
si gn a] 
Servo 
controlled 
COMPUTER SYSTEM CLOSED LOOP SYSTEM 
Figure 28. Block diagram of closed loop test system 
and computer system. 
He ate r 
Load cell 
I 
" .p-
I 
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4.9.1 Precracking of the Specimens 
A computer-controlled closed-loop servo-hydraulic 
fatigue precracking was carried out on compact tension 
specimens. These were performed at room temperature in air 
~ 
and at~frequency of 8Hz under sinusoidal push-pull cycling. 
Figures 29 to 31 show the experimental set up, i.e. testing 
system, control panel of the testing machine, grips and 
constant current .supply. 
The crack measurements were taken automatically after 
every 100 cycles at peak loads, when crack faces were open 
(i.e. not in electrical contact). The readings were taken 
and stored by computer on a file with a given name. These 
readings were in the form of a series of numbers and were 
converted to crack length measurements after the test with 
aid of computer program (see Results Section). 
As the precracking progressed crack lengths were also 
taken with a travelling microscope. These readings will be 
compared to readings taken by the p-d method. The software 
developed consisted of four main types of routines:-
(i) determination of the test parameters necessary 
( i i. ) 
to conduct an experiment; 
control of the command signal to the test 
system; 
(iii) acquisition of necessary measurements (data); 
(iv) analysis of data. 
Figure 32 shows a block diagram of the various .routines. 
Figure 29(a). 
Figure 29(b). 
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300 KN - ESH Universal Servo-Hydraulic 
Testing Machine . 
Control Panel of ESH Servo-Hydraulic 
Testing Machine 
,IGJ 
~ 1-. s:: ::1: 
'::1: 
,-~------1~ 
, . 
~i 
, 
r 
,-
<>j--, 
Grips, specimen, current leads, 
and load cell at the bottom. 
.!., 
.... 
I 
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Figure 30. Apple 11 micro-computer 
Figure 31. FARNELL Stabilised Power Supply (H30/100) 
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CHAPTER 5 
MICROCOMPUTER SOFTWARE 
5.1 Software Languages 
The 64K APPLE 11 microcomputer is supplied equippid with 
two high-level programming languages, Apple soft BASIC and 
Integer BASIC as well as the low-level 6502 Assembly Code 
language. The assembly-code language is fast and is in many 
ways suitable for machine control. However, much more effort 
'is required to write the Program in assembly code than in a 
high-level language. Besides, it was considered unnecessary 
to have the very fast computing possible with Assembly Code 
for this application. For this reason only BASIC was used 
in the programs developed. 
Both versions of BASIC were used to write the machine 
control programs described in Section 5.2. Integer BASIC 
runs much faster than Apple soft BASIC asi t executes only 
integer numbers. Apple soft BASIC is, however, necessary to 
perform the calculations required during the setting up of 
the test since floating points mathematics are required at 
this stage. The solution adopted therefore was to write two 
programs, one for setting up the test parameters (written in 
Apple soft BASIC) and the other for running the test (in 
Integer BASIC). The relevant test parameters are passed 
from the first to the second program either through the 
computer memory or through disc memory. 
To achieve fast execution of the second program, the 
BASIC program is written in such a way as to optimise the 
speed of execution. For that reason the program is not 
easily understood by another reader. 
5.2 Computer-Programs to Control Specimen Precracking 
The programs were written to control the precracking of 
the compact tension specimen to produce fatigue cracks of 
approximately 1.60 mm at room temperature. The program 
developed rermlts control of the stress intensity throughout 
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the test. The value of stress intensity is decreased from 
-3/2 -3/2 25.5 MNm to 15 MNm in steps of -1.5 as the crack 
length increases. Table 5.1 shows the load ranges needed 
for achieving the required stress intensity ranges during 
precracking. 
TABLE 5.1 
MAXIMUM STRESS MAXH1UM MINH1UM MEAN 
INTENSITY LOAD LOAD LOAD 
(MNm- 3 / 2 ) (KN) (KN) (KN) 
25.5 9.55 0.95 5.25 
24.0 8.21 0.82 4.51 
22.5 7. 68 0.77 4.22 
21. 0 7.15 0.72 3. 93 
19.5 6. 63 0.66 3. 65 
18.0 6.11 0.61 3. 36 
16.5 5. 6 0.56 3.08 
15.0 5.08 0.51 2. 79 
5.2.1 Flow Chart for Test Set-Up Program (in Applesoft BASIC) 
The software development will be discussed in relation to 
the numbered boxes as shown in Figure 33 with cross reference 
to the corresponding segment of the program where appropriate. 
The listing of the program is given in Figure 36. 
Box No. 1 INPUT DATA 
This consists of the manual keying of the following data: 
(i) The maximum stress intensity to be used; 
(ii) thickness of the specimen; 
(ill) width of the specimen; 
(iv) R-Ratio (1. e. ratio of m.",.imum to mQ.~· imum 
stress intensities); 
(v) load range setting on the machine (KN); 
(vi) crack measurement voltage off-set; 
(vii) name of the data file on which data will 
be stored. 
START 
INPUT 
DATA 
STORE 
DATA 
PROCESS 
DATA 
PRINT 
RESULTS 
STORE 
DATA 
RETURN 
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BOX NO. 1 
BOX NO. 2 
BOX NO. 3 
BOX NO. 4 
, 
BOX NO. 5 
Figure 33. FJo~ Chart for Tesl; Set-Up Program 
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Line numbers 70-190 in the program contain the data input 
instructions. 
Box No. 2 STORE DATA 
The POKE instruction in lines 260-290 store the relevant 
control parameters in memory locations within the computer 
for subsequ~nt use by thc second program. 
Box No. 3 PROCESS OATA 
From the stress intensity, maximum load; minimum load and 
mean load can be calculated. The load used for different 
given stress intensity can be calculated from the following 
equation:-
. 'f:" ' P /BW' L9. 6(a/w)' 
7/2 
- 1017(a/w) + 
_ 185.5(a/w)3/2 + 655.7(a/w)5/2 
638.9(a/w)9/2] 
where: 
Kr = Maximum stress intensity (MNm- 3 / 2 ) 
:0 = Load (P1N) 
B = Thickness (m ,) 
IV -. Width (m ) 
a = Machined notch length (m, 
Maximum load = (P x 100 + 0.5) (HN) 
100 
Minimum load = (P/R x 100 + 0.5) (HN) 
100 
where R = 10·0 
Mean Load = (P x 0.55 x 100 + 0.5) ~N) 
100 
Line numbers 300-360 in the program contain the instruc-
tion to process the data entered in the earlier parts of the 
program. Table 5.1 shows the calculated values of maximum 
load, minimum load and mC,ln load. 
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After the load ranges had been calculated the numbers 
(within the range 0-255) necessary to produce the appro-
priate sine wave are generated and stored in memory 
locations within the computer by lines 520-560. 
Box No. 4 PRINT RESULTS 
The maximum load; minimum load and mean load required to'be 
set on the testing machine is printed out on the TV screen 
with different values of stress intensities, i.e. from 
25.5 HNm- 3 / 2 to 15 MNm- 3 / 2 in steps of -1.5. 
Box No. 5 STORE DATA 
Some data is stored on disc using the nominated file number. 
The file contains the maximum load, R-ratio, and off-set 
voltage. This information is stored on disc as permanent 
information and will be added to by the second program with 
data on crack growth during precracking. 
5.2.2 Flow Chart for Precracking Program (in Integer BASIC) 
The flow chart shown in Figure 34 is for the controlling 
program (i.e. run program), which carries out the testing. 
This program is written in Integer BASIC. It generates the 
load functions for the fatigue test. It is interactive with 
the operator before, during and after the test. 
The crack length is converted to certain numbers and when 
that number is reached, the stress amplitude decreases auto-
matically as shown in Table 5.2. 
INPUT No. 
of cycles~--~---; 
between eadings 
Adjust 
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START OF 
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crack le~~~~------{ 
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A 
C 
BOX 
NO. 5 
Figure 3~. Flow Chart of Prrcracking Program 
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TABLE 5.2 
I1AXIMUH STRESS DIGITAL REQUIRED 
INTENSITY NUMBERS CRACK LENGTH 
(MNm- 3/2 ) (mm) 
25.5 3168 1. 43 
24.0 3220 1. 45 
22.5 3272 1. 47 
21. 0 3317 1. 49 
19.5 3359 1. 51 
18.0 ' 3398 1. 53 
16.5 3437 1. 57 
15.0 3552 1. 60 
The crack length readings were taken automatically and 
optically after every 100 cycles and the automatical read-
ings were stored on the disc using the nominated file 
number. 
The software developed is discussed in ~elation to the 
numbered boxes as shown in Figure 34 with cross reference to 
the corresponding segment of the program where appropriate. 
The listing of the program is given in Figure 37. 
Box No. 1 INPUT INSTRUCTIONS 
This consists of the manual keying in of the following:-
(i) Name of run file number. This will be 
from the first program. The file will 
contain maximum load, R-ratio, and off-
set vol tage; 
(ii) number of cycles between crack'length 
readings. In this case crack length 
readings were taken after every 100 
cycles; 
(iii) the crack length amplifier gain was 
adjusted to 0 volts. 
Line numbers 500-555 in the program contain the input 
instructions. 
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Box. No. 3 STOP THE TEST 
The test was stopped after 100 cycles, using the push button 
on the games paddle control, to check the fatigue crack 
length optically with a travelling microscope. 
Box. No. 4 - No. 5 TESTING PROCEDURE 
The cycling was stopped automatically when the crack length 
reached the required length (See Table 5.2). The data was 
stored on the disc under a given file. The stress intensity 
amplitude was decreased automatically and the cycling was 
re-started. This was repeated with different stress inten-
sity amplitudes. The test was stopped when a final crack 
length of 1.60 mm was obtained at a stress intensity ampli-
tude of 15 MNm- 3 / 2 . 
Line numbers 100 to 250 in the program contain the testing 
procedure. 
5.3 A Program to Evaluate the Test Results 
This program reduces the crack length versus cycle data 
to da/dN versus ~k by incremental polynominal method. Part 
of this program was translated from a FORTRAN program as 
used by Oowling and Walker?3 
This method for computing da/dN involves fitting a second 
order polynominal (parabola) to sets of (2n + 1) successive 
data points, where n is usually 1, 2, 3 or 4. The form of 
the equation for the local fit is as follows:-
a j = b O + bl (N j - Cl) + b 2 (N j - Cl) (1 ) 
C2 C2 
where 
-1 'S ( N. - Cl) :::::::.. + 1 J ~
C2 
and bD, bl and b2 are the regression parameters that are 
determined by the least squares method (that is minimization 
of the square of the deviations between the observed and 
f: tted values of crack length) ove,' the range a. - n:::; a. 
J . J 
+ n. 
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The value a j is the fitted value of crack length at Nj. 
The parameters 
C2 = teN. - N. ) J-n J-n 
are used to scale the input data, thus avoiding numerical 
difficulties in determining the regression parameters. The 
rate of crack growth at N. is obtained from the derivative 
J 
of the above parabole, which is given by the following 
expression:-
(da) 
(dN) • 
a. 
J 
( 2 ) 
The val ue of Ak 
puted using the 
associated with this da/dN value is com-
fitted crack length a~ corresponding to N
J 
.• 
. J . 
5.3.1 Definition of Input Variables for the Program 
IO(I) = Specimen identification, for example specimen 
number, heat treatment, material, etc. 
NPis = Number of paired (a, N) data points, 
Type = Type 1 for compact tension specimen. 
Pmin = Minimum load (0.955 KN) 
Pmax = Maximum load (9.55 KN) 
F = Frequency used (8 Hz) 
B = Thickness of specimen (12.7 mm) 
W = Width of specimen (25.4 mm) 
AW = Machined notch length (6.35 mm) 
ENV = Test environment (air) 
TOl 
1/ s 
A (I) 
N(I) 
= Test temperature (room temperature) 
= 0.2% yield stress of the specimen (1000 I~Pa) 
= Crack length u, measured from machine notch 
= Elapsed cycles N. 
A (HEAS) ann A (REG) are values of notch crack length 
obtained from measurement and from the regression equation 
(1) respectively. The goodness fit of equation is given by 
the multiple correlation coefficient, MCC. (Note that HCC = 1 
YES 
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START 
INPUT 
DA TA 
DATA 
REDUCTION 
NO 
END 
BOX NO. 1 
BOX NO. 2 
BOX NO. 3 
BOX NO. 4 
Fig. 35. Flow Chart for a Data Reduction Analysis 
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represents a perfect fit). 
DA/DN (da/dN) are given by 
m/cycles respectively. 
Values of. Del K ( 6k) and 
- 3/2 the same unit MNm and 
The software will be discussed in relation to the 
numbered boxes as shown in Figure 35, with.a cross reference 
to the corresponding segment of the program where appropriate. 
The listing of the program is given in Figure 38. 
Box No. I INPUT DATA 
This section consists of: specimen identification, for 
example specimen number; number of paired (a,N) data points 
these are stored on the file during the testing and are read 
automatically when input datai maximum and minimum load 
applied; specimen geometry, 1. e. thickness and width; test 
frequency used; test temperature; type of specimen; test 
environment. 
Box No. 2 DA TA REDUCTION 
Fatigue crack growth rates were obtained from the crack 
length versus cycles data (a Vs N), by the .incremental poly-
nominal procedure. In this procedure a second 
nominil is fitted through the first seven data 
order poly-
points. The 
first derivatives of this polynominal is then evaluated at 
the central data point to obtain a cyclic crack growth rate 
da/dN. The same operation is then applied to .the second 
through eighth, third through ninth, etc., data points to 
obtain crack growth rites at various number of cycles during 
the test. 
Values of stress intensity range ~k, suited for corre-
lating with the crack growth rates were obtained from the 
maximum applied load and measured crack length. 
The stress intensity Del k (6k) is calculated by the 
following expression:-
4k = P I B IV t ~ 9. 6 ( a I w ) t 
. 7 I 2 
1017(a/w) + 
3/2 
- 185.5(a/w) 
638. 9( a Iw) 9/~ 
+ .655. 7(a/w)5/2 
-91-
Where B = Thickness (m 
W = Width (m) 
a = crack length (m) 
An example of the output from the program is given in 
the results section. Information on the specimen, loading 
variables and environment are also listed with the tabulated 
values of the taw data and processed data. A (Measured) 
and A (Regression) are values of crack length obtained by 
measurement and from the regression eq~ation respectively. 
The goodness of fit of this equation is given by the 
multiple correlation coefficient, MCC (note that MCC = 1 
represents a perfect fit). 
Line numbers 450-1040 in the program contain the data 
reduction instructions. 
10 REM ",., nlTI GUE PRECRACf(ER ** - 92-
20 REM ** 11 JUNE 1982 *:* 
30 POKE - 15515.0: HOME 
40 VTAB 12: HT AB 5: INVERSE : PRINT "AUTOMATIC FATIGUE PREC 
RACI(ER": NORMAL : PRINT : PRINT 
50 FOR W : 1 TO 1500: NEXT W: HOME 
50 PRINT: PRINT :NUM 49:PI = 3. 14159:ADDR 7500:J = 0:N 
N = 0:AK = 7457 
70 NI = 25. 5 
80 PRINT "INITIAL MAX STRESS INTENSITY (IN 
MN-M UNITS) = ":Nl 
90 PRINT 
11110 R : 1111 
11111 PRINT "MAXIMUM/MINIMUM RRTIO=":R 
120 PRINT 
130 B = 12.7 
140 PRINT "THICI(NESS OF SPECIMEN:" ,B 
150 PRINT 
150 -PRINT "LOAD RRNGE SETTING? (I(N) ": INPUT" (CONFIRM SETT 
INGNOW~) ";LR 
170 PRINT: INPUT "BRCI(-OFF VOLTAGE? ":VB 
174 PRINT 
175 INPUT "FATIGUE RUN FILE NUMBER' ":G$ 
18111 V0 = VB / 1.01011 
190 FOR I = 1 TO 9: RERO VV(I):V(II = VIII ., VV(I):VL(I) 
NT «V (j) - VB) *' 4111951: NEXT 
200 B : B / 111100:W : 2 * B: PRINT: PRINT 
201 0$ = CHR$ (4) 
210 FOR N = Ni TO 15 STEP - 1.5 
220 NN = NN + 1 
225 VP = 10 ~ VV(NN) - 10 
230 A = W:+; (.24405 + .05894 * VP - 1.113£ 3 * VP ~ 2 + 7. 
515E - 5 ., VP ~ 3 - 1. 2578E - 6 ., VP .4) 
240 AM = (A - B / 2) ., 1000 
250 PRINT "MAXIMUM STRESS INTENSITY= ":N 
250 POf(E (All + (NN *' 4) I, INT (N) 
270 POKE (AK + (NN *: 4' + 1), INT (eN - INT (N)) * 10) 
280 POKE (AK + (NN :+; 4) + 2), INT (AM) 
290 POKE (AK + (NN 'l-: 4) + .3), INT «AM - INT (AM)) .... ' 1(0) 
300 RW = R / W 
305 PRINT AW 
310 C = 29.6 *' AW.;. 0.5 - 185.5 w· AW";' 1.5 + 655.7 :-t: AW.;. 2. 
5 - 1017. AW ..;. 3.5 + 638.9 :+; AW .;. 4.5 
320 P = N :+; B ~: W ..;. .5 I C *: 1000 
330 IF P ) LR THEN FLASH: PRINT 
GE EXCEEDED": PRINT "RE-RUN TEST AND 
NITIRL STRESS INTENSITY": PRINT "OR 
MAL : END 
PRINT : PRINT "LOAD RRN 
SELECT": PRINT "LOWER I 
HIGHER LOAD R~NGE": NOR 
340 P2 INT (P * 100 + .5) / 100 
350 Pi = INT ep / R + 100 + .5) / 100 
350 PM = INT ep,., .55 >+: 1(2l(2l + .5) I 100 
370 PRINT "MRXIMUM LOAD= ":P2:" I(N" 
380 PRINT "MINIMUM LOAD= "jPl;" hN" 
390 AP = INT UP - P / R) ( 2 *' 255 / LR) 
400 OFFSET = INT (P I R ~: 255 I LR) 
410 PRINT "ME~N LOAD :": PM:" KN" 
415 IF N : NI THEN PL ·-(2 *' AP + OFFSET) / 
420 GOSUB 520 
430 PRINT: PRINT 
435 NEXT N 
440- POI(E 7500, NN 
441 PRINT 0$; "OPEN Fr,T1GUE RUN FILE. #" :G$ 
442 PRINT D$: "WAITE FATIGUE RUN FILE. #" :G$ 
443 PRINT PLo PRINT R: PRINT VB: PRINT NN 
6.lJ.6. FnQ N = 1 Tn NN .... 1: PR HJT VI n,,I): f','E):,T 
255 
.' LR 
Figure 36. Listing of Apple soft BASIC Computer Program 
for Test Set-Up. 
:;0f2l PRINT: PRHH : PRHJT : PRINT TAB( 1I2j)"LOPDING RUN PRO 
GRAM" 
510 PRINT CHR' (4); "RUN AUTO FTPC" 
520 FOR I = Cl TO NUM 
530 J = J + 1 
540 X = INT (OFFSET + .5 + ·AP + AP *' SIN (2 *: PI ~: I I NUM" 
+ P I I 2» 
550 POKE (ADDR + J),X: PRINT X:" '" 
550 NEXT I 
570 RETURN 
500 DATA 1.01013 
510 DATA 1. 1078 
520 DATA 1. 1094 
530 DATA 1.1110 
640 DATA 1. 1124 
650 DATA 1. 1137 
550 DATA 1. 1149 
670 DATA 1. 1151 
690 DATA 1. 11955 
Figure 3~ continued 
100 E=E+o: IF PEEI( (U)W THEN GO TO M: FOR I=A TO N: PQfCE S 
PEEK (I): NEXT I: IF E MOO XIIQ THEN GoTO X: PQfCE Z,Y:J= PE 
EK (Zl).Z2+ PEEK (Z): IF JIC THEN GOTo 0: IF EIX MOD KIQ THE 
N GoTD X 
102 B=B+D:V(B)=J:E=0: PRINT J: GO TO X 
105 T=T+l: PRINT J, C:C=VUT): IF T=3 THEN GoTo 210: GoTo 2 
19 
110 INPUT "CoNTINUE CYCLING AT CURRENT LEVEL? ", CS 
IF CS="N" THEN 130 122 
125 
127 
130 
135 
140 
17O 
180 
190 
IF C$="Y" THEN 1210 
GO TO 110 
IF L= PEEK (7500) THEN GO TO 225 
PRINT 
INPUT "REDUCE DELTA I( AND CONTINUE CYCLING? ", CS 
IF C$="N" THEN 250 
IF CS="Y" THEN 219 
GoTO 140 
21O INPUT "LOAD DATA ON DISC' ",CS: IF C$="N" THEN GoTo 21 
9 
211 
212 
213 
215 
215 
PRINT '''': "oPEN FATIGUE DATA FILE. I" :F$ 
PR INT "": "WRITE FATIGUE DATA FILE. I": F$ 
PRINT PS,R$,VS,K,B 
FOR H=1 TO B: PRINT V(H): NEXT H 
PRINT "";"CLOSE" 
218 PRINT '''';''PR*I=l'': FOR H=l TO B: PRINT V(H);" ";:V(H)=~: 
NEXT H: PRINT: PRINT: PRINT "":"PRlt0" 
219 A=A+50:N=N+50:G=G+l:E=0 
220 NEXT L 
225 PRINT "END OF TEST": FOR H::::l TO 100: PQf(E -15514.255: 
NEXT H: POKE -15514,0 
226 POKE -15615.0 
230 END 
250 PRINT "TEST STOPPED .....• 
255 GoTo 225 
500 CALL -935 
505 I=0:A=7501:N=7550:S=-15615:E=0:f(=10:W=127:X=100:0=1:Q= 
0:U=-15287:Z=-15255+15*5:Y=34:B=0:0=105:Z1=Z+1 
510 J=0:C=0:Z2=255:AK=7457:M=110 
515 DIM V(S00',C$(S),VL(20) 
515 DIM PS(20),RS(20),VS(20).FS(5) 
518 PRINT: PRINT: INPUT "RUN FILE NUMBER ",F$ 
520 PRINT " " :"OPEN FATIGUE RUN FILE. It" :F$ 
522 PRINT "":"READ FATIGUE RUN FILE. tf;";F$ 
523 INPUT PS. RS, VS. NN: PRINT PS. RS.V$,NN 
529 FOR H=1 TO NN+1: INPUT Vl(H): PRINT Vl(H): NEXT H 
530 PRINT "" ;"CLOSE" 
532 PRINT: INPUT "NUMBER OF CYCLES BETWEEN READINGS 
(IN HUNDREDS OF CYCLES) 
535 T=2 
535 C=VL(T) 
537 PRINT C 
", f, 
539 FOR H=I TO PEEI( (7501): ·POICE S')-I: NEXT H: FOR H=1 TO 1 
0: NEXT H 
540 POKE Z.Y: POKE Z.Y:V(0)= PEEK (ZI).Z2+ PEEK (Z) 
550 PRINT "RDJUST CRRCI( LENGTH AMPLIFIER GAIN TO REDUIRE 
D VOl TRGE NOW!" 
555 PRINT "PRESS SPRCE8AR TO PROCEED":. PRINT 
550 POKE Z.Y: PRINT PEEK (ZI).Z2+ PEEK (Z): IF PEEK (-1538 
4) (=127 THEN GOTo 550 
590 INPUT "READY TO BEGIN 
592 PRINT : PRINT : PRINT 
594 PRINT : PRINT : PRINT 
NT : PRINT "PRESS BUTTON ON 
595 PRINT 
,...,...,... ,... ......... '._" ....... ... .-r-, .. 
PRECRRCKING' ··.C$ 
HERE WE GO ....... " 
"TO STOP CURRENT CYCLING, '" 
PADDLE CONTROL" 
PRI 
Figure 37. Listing of Integer BASIC Computer Program 
for Precracking of Compact Tension Specimens 
b~b t-'H1Ni "LUKh:t::.I'~1 l\rI!"'!}.~ .. ; t't:.t:.I\ (.H!\-t-(.L·t·4.J);·'. ; r-'t:.t:.I\ '.HI\+ 
1+-L:t:4)iPRINT 
597 PRINT "STOP CURRENT CYCLING WHEN CRAC!, LENGTH'" PRINT 
"REACHES "; PEEK (Af(+L:+:4+E);"."; PEEf( (Af(+L*4+7);" MM": PRIN 
T 
598 RETURN 
700 REM ',',AUTOMATIC FATIGUE RUN PROGRAM"'· 
720 REM ,,', 7 JULY 1982*" 
730 REM OUTPUT A002, CH, 1, CH.2 
740 REM INPUT AII3, CH.2 
Figure 37 continued 
5 GOTO 5000 
10 HOME 
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20 DIM N(200), BB(6), DADN(200), DK(200), 10(7), AA(20), NN(20), A 
R(200), R2(200) 
30 IDS = FS 
35 NR = NPTS 
40 PRINT: PRINT: FOR I = 1 TO 11,)00: NEXT: HOME 
50 PRINT TAS( 5)"PLEASE PUT IN THE FOLLOWING DATA 
60 PRINT 
70 INPUT "MAXMIUM LOAD (KN ) = ", PI: PRINT 
80 INPUT "MINMIUM LOAD (KN )= ", P2: PRINT 
85 B = 12.7 
100 PRINT "THICKNESS 
110 PRINT:W = 25.4 
120 PRINT "WIDTH 
130 AW = 6.35 
(MM )= 
(MM ) = 
140 PRINT "NOTCH LEN, (MM) = 
150 INPUT "TEST FREQ. (HZ 1 = 
160 PRINT "TEST ENVIRONMENT 
170 PRINT 
"; B 
" :t.J: PRINT 
"~AW~ PRINT 
It; F: PRINT 
AIR"': PRINT 
180 INPUT "TEST TEMP (DEG. C, 
"0,2K Y.STRESS(MN 
"SPEC I MEN TYPE, 
)= ":rEM: PRINT 
190 INPUT 
200 PRINT 
210 PRINT 
)= ";YS: PRINT 
COMPACT TYPE ", 
220 R = INT « P2 I P 1) *, 10000) I 10000 
225 PRINT: PRINT : PRINT 
PRINT 
230 PRINT TAS( 6) "PRESS ANY I(EY TO CONTINUE •. GET A$ 
240 HOME 
260 FOR I = 1 TO NPTS 
275 A(I) = A(I) I 1000 
280 N(I) = N(I - 1) + 100 
282 Nil) = 0 
285 PRINT N( I), A(]) 
290 NEXT I: HOME 
3HJ VTAB 10: PRINT TAS( 5) "SEVEN POINT INCREMENTAL POLYNOM 
IAL ": PRINT: PRINT TAB( 8) "METHOD FOR DETERMINING DA/DN" 
339 PRINT CHR$ (4) ,"PRlll": PRINT CHR$ (31): POKE 35,8: PR 
INT "FATIGUE DATA ANALYSIS": PD)(E35,8: PRINT ,,-------------
--------": PRINT 
340 PRINT : PRINT : PRINT 
"'10$: PRINT: PRINT" 
SPECIMEN IDENTIFICATION -
NUMBER OF DATA PO I NTS =", NPTS 
345 PI = PI I 1000:P2 P2 I 1000:B = S I 1000:101 = W I 1000: 
AW = AW I 100121 
350 PRINT PRINT MAXIMUM LOAD 
35121 PRINT PRINT 111NMIUM LOAD 
37121 PRINT PRINT THICKNESS 
(MN 
(MN 
( M 
380 PRINT PRINT WIDTH OF SPECIMEN ( M ) 
390 PRINT PRINT NOTCH LENGTH ( M ) 
400 PRINT PRINT TEST ENVIRONMENT 
"; PI 
";P2 
" ;8 
." ;W 
";AW 
AIR" 
410 PRINT PRINT TEST TEMPERATURE (C) = "'TEM 
420 PRINT PRINT TEST FREQUENCY (HZ) = "'F 
430 PRINT PRINT R-RATIO (Pl/P2) - "'R 
433 PRINT CHR$ (4) ,"PRII0": PRINT: PRINT: PRINT 
435 PRINT TAS( 5) "PRESS ANY /(EY TO CONTINUE",: GET A$: PR 
INT 
437 HOME 
438 PRINT PRINT "AM": 
28) "DA/DN" 
TAB( 8)"AR"; TAB( lE.)"MCC"; TAS( 22 
)" DK"; TAS( 
440 FOR I -
455 NEXT I 
1 TO NPTS 
450 K - I2I:PI = 3.1416:P3 
465 FOR I = 1 TO 3: PRINT 
470 NPTS - NPTS - 5 
480 FOR I - 1 TO NPTS 
PI - P2 
: PRINT N(r); TAS( S)A(I): NEXT I 
Figure 38. Listing of Apple soft BASIC Program for 
Reducing Crack length versus Cycle Data to 
da/dN versus Ak by the Seven Point 
Incremental Poly nominal Technique. 
52121 FOR J = I( TO K 1 _ 97-
510 L = L + l:AA(L) = ~(J) 
520 NNCL) = N(]) 
530 NEXT J 
540 Cl = 0.5 *: (NN(l) + NN(7» 
550 C2 = 0. 5 *' (NN (7) - NN ( 1 ) ) 
5521 51 = 21'52 = 21'53 = 0'54 = 21'55 = 21'55 0:57 = 21 
5721 FOR J = 1 TO 7 
5821 X = INNIJ) - Cl) I C2 
5921 YY AA(J) 
52121 51 51 + X 
5121 52 = 52 + X ~ 2 
620 53 = 53 + X ~ 3 
5321 54 = S4 + X ~ 4 
5421 55 = 55 + YY 
550 55 56 + X 0+: yy 
5521 57 = 57 + YY .. X • 2 
57CJ NEXT J 
1580 ON = 7.0 :t: (52 >t: 54 - 53 .;. 2) - 51 i: (51 >t' 54 - 52 >+: 53) 
+ 52 * (51 *' 53 - 52 ~ 2) 
690 T2 = 55 of: (52 *' 54 - 53 .;.. 2) - SE. i' (51 .... 54 - 52 >+: 53) 
+ 57 * (51 *' 53 - 52 .;. 2) 
72121 BBII) = T2 I ON 
710 T3 = 7 *' (56 >+: 54 -.57 *: 53) - 51 i: (55 i: 54 - 57 * 52) 
+ 52 ,., (55 *' 53 - se; :+; 52) 
7221 BB(2) = T3 I ON 
7321 T4 = 7 *' (52 *' 57 - 5~; .. 55) - SI " (SI ., 57 - S3 .. 55) 
+ 52 *' (51 *' SE. - 52 ,., SS) 
7421 B8(3) = T4 I ON 
7521 YB = 55 I 7 
7521 R5 = 21'T5 = 0 
7721 FOR J = I TO 7 
780 X = (NN(J) - Cl) I C2 
790 YH = BB(l) + 88(2) >t: X + 88(3) >t: X .;. 2 
82121 RS = RS + (AA (J) - YH) • 2 
810 TS = TS + (AA(]) - YB) .;. 2 
8221 NEXT J 
830 R2(I) = 1.0 - RS / TS 
840 DADNCI) = 88(2) / C2 + 2 *' BB(3) *: !:NN(4) - Cl) / C2 ~ 2 
8521 X = (NN(4) - CII I C2 
860 AR(I) = BB(l) + 88(2) >+: X + 88(3) t: X ~ 2 
855 AR(!) = INT IAR(!) *, 1210212121(1) I 121212102121 
8921 QQ = I + 3 
92121 T = AR (!) I W 
910 OKC!) = P3 I (B ~: W ~ 0.5) ~ (29.5 ~'T ~ 0.5 - 185.5 * T 
-1- 1.5 + 655.7 *' T .,. 2.5 - 1017 0+: T .;. 3.5 + 638.9 *' T .;. 4. 5) 
121215 PRINT 
121121 PRINT AWO); TAB( 8)AR(!);; TAB( 15) INT (R2(!) " 11212121 
21(1) I 12121212121; TAB( 22) INT (OKO) " 121[/) I 12121; TAB( 28)OAON 
(I) 
102121 GOTO 121421 
12125 PRINT 
121421 NEXT I 
1215121 J = NPT5 + 4:1\ = NPT5 + 5: FOR I J TO I( 
1215121 FOR I = J TO 1(' PRINT 
121721 PRINT N(I); TAB( B)AO)' NEXT 
121821 PRINT PRINT: INPUT ''~O YOU WANT HARD COpy OF RESULT 
S(Y/N)?";B$ 
121921 IF 8$ "N" THEN GOTo 1 ":;,0 
112121 PR# I' PRINT CHR$ (29) 
11121 PRINT: PRINT: PRINT 
11221 POKE 35,221' PRINT "NO)"" POI(E :;,5,4::-.' PRINT "A(I)";' 
POKE 35,57: PRINT "A(R)";: POI(E 35,80' PRINT "11CC";: POi(E 35 
,98' PRINT "01«1)";: POI(E 35,117: PRINT "OA/ONC!)" 
1125 PRINT 
Figure 38 continued 
1145 NEXT I 
1150 IF NR = (7 THEN 1190 
1161'1 FOR I = 4 TO (J - I): PRINT 
1171'1 POKE 36,21'1: PRINT NU),: PDI(E 36,38: PRINTA(!);: POKE 
36,63: PRINT ARO - 3),: POKE 36,81'1: PRINT INT (R2( I - 3) 
* 11'11'11'11'11'1) I 1001'11'11'1': PDI(E 36,98: PRINT INT (Df«J - 3) " 100 
1'1) I 11'100,: POKE 36,116: PRINT DADN(I - 3) 
.1180 NEXT 
1191'1 FOR I J TO I( 
121'10 PRINT: POKE 36, 20: PRINT NU),,, POI(E 36,38: PRINT A(I 
) 
1211'1 
1221'1 
1225 
1230 
1241'1 
1250 
21'11'11'1 
51'11'11'1 
5010 
5020 
51'130 
512140 
5045 
5050 
5060 
512171'1 
508121 
5090 
511'11'1 
5111'1 
2 + 
5115 
5121'1 
5130 
5140 
5150 
NEXT 
PRII 1'1 
PRINT 
INPUT 
IF AS 
IF AS 
END 
HOME 
: PRINT :' PRINT 
"DO YOU WANT TO PUT MORE 
= "N" THEN GOTO 201'11'1 
= "Y" THEN GOTO 10 
DIM C(21'l1'l),V(21'l1'l),A(21'l1'l) 
V0 = 8 
OS = CHR$ (4) 
INPUT "FILE NUMBER' ",F$ 
PRINT 
INPUT "HOW MANY DATA POI NT5' ", NPT5 
PRINT D$,"READ FATIGUE DATA FILE. ~",F$ 
FOR I = I TO NPT5 
INPUT C( I) 
V(I) = (8 + CO) I 41'195) I VI'J 
VP = 10 _t_ V Cl) - 11'1 
A ( I) = 25. 4 ,., (. 24405 + . 05894 ,., VP - 1. 113E - 3 
7.615E - 6 " VP • 3 - I. 267E - 6 + UP • 4) 
PRINT 
PRINT V(J), Ad) 
NEXT I 
PRINT 0$' "CLOSE FATIGUE DATA FILE. 11" 'F$ 
GOTO 11'1 
Figure 38 continued 
>+: VP ..:. 
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CHAPTER 6.0 
RESULTS 
6.1 Calibration of Load Cell (25 KN) 
A 25 KN load cell was used during pre-cracking. The 
load cell was calibrated before use, and Table 6.1 shows 
the results for different load ranges. Figure 3-9 shows 
the calibration graph of LOAD against vol ts (mv). For this 
work a load of 10 KN range was used. It can be seen from 
the grap h tha t the cal i bra tion of the load cell is 
reasonably accurate for this work. 
Table 6.1 
LOAD LOAD VOLTS (mv) VOLTS (mv) VOL TS (mv) 
(KN) (Kg) 2.5KN 5.0KN 10KN 
Range Range Range 
0 0 0.00 0.00 0.00 
O. 0981 10 0.39 0.19 0.09 
0.1962 20 0.79 O. 39 0.19 
0.2943 30 1.19 "0.58 0.29 
0.3924 40 1. 58 O. 78 0.39 
0.4905 50 1.985 0.97 0.49 
0.5886 60 2.390 1.17 0.59 
0.6867 70 2.790 1. 365 0.69 
O. 7848 80 3.20 1.565" 0.78 
O. 8829 90 3.59 1. 76 0.875 
6.2 Crack Measurements 
The crack length was measured after every 100 cycles. 
The readings were taken automatically by the computer and 
they were also measured optically using a travelling micro-
scop e. 
The readings which were taken automatically by the 
computer, were a set of numbers which were then converted 
into crack lengths by 'the following expression: 
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where Vo = Back off voltage (8 volts) 
e(l) = digital readings from computer 
The value of V is then substituted in the following 
expression to determine th~ crack length: 
A/W = 0.24405 + 0.05894 x V - 1.13 x 10- 3 x V2 + 7.613 
-6 3 -6 4 
x 10 x V - 1.267 x 10 x V 
A = crack length 
W = width of specimen (25.4 mm) 
The above ~xpression is a polynominal equation which is 
attained by a numerical curve fit of calibration graph of 
alw against VIVO as shown in Figure 27. The crack length 
is measured from the tip of the" machined notch of the 
specimen. Therefore the crack length (A) is given by:-
A = 6.35 + measured length of the growing crack. 
6.35 is the distance from the tip of machined notch to 
line joining centres of holes, as showri below: 
Tables from 6.3 to 6.5 show the calculated crack 
lengths and the crack lengths measured during pre-cracking 
tests for three specimens. 
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Table 6.3 continued 
25. 5 2700 384 6.3739xl0 -3 6.35xl0 -3 
" 2800 390 6.3912 CRACK NOT 
" 2900 383 6.3755 VISIBLE 
" 3000 404 6.3735 " 
" 3100 414 6.3831 " 
" 3200 394 6.3876 " 
" 3300 392 6.37851 " 
" 3400 370 6.3776 " 
" 3500 388 6.36759 " 
" 3600 400 6.3757 " 
" 3700 420 6.4494 " 
" 3800 550 6.3985 " 
" 3900 448 6.4030 " 
" 4000 438 6.4030 " 
" 4100 448 6.3867 " 
" 4200 412 6.3967 " 
" 4300 434 6. 4167 " 
" 4400 478 6.3948 " 
" 4500 430 6.4067 " 
" 4600 456 6. 41 39 " 
" 4700 472 6. 4203 " 
" 4800 486 6. 4148 " 
" 4900 476 6.4026 " 
" 5000 447 6.4267 " 
" 5100 500 6. 4194 " 
" 5200 484 6.4398 " 
" 5300 529 6.42306 " 
" 5400 492 6.4494 " 
" 5500 550 6.4471 " 
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Table 6.3 con.tinued 
25.5 5600 512 6.4321xl0 -3 6. 35x1 0 - 3 
" 5700 514 6.4421xl0 -3 
" 5800 550 6.4698 CRACK NOT 
" 5900 595 6.4776 VISIBLE 
" 6000 612 6.4666 " 
" 6100 588 6.4762 " 
" 6200 609 6.4966 " 
" 6300 654 6.5079 
" 
" 6400 679 6.5174 " 
" 6500 700 6.51928 " 
" 6600 704 6.51157 " 
" 6700 687 6.5446 " 
" 6800 760 6.5546 " 
" 6900 782 6. 5614 " 
" 7000 794 6.5664 " 
" 7100 808 6.5817 " 
" 7200 842 6.5822 " 
" 7300 843 6.5921 " 
" 7400 865 6.627 " 
" 7500 942 6. 6107 " 
" 7600 906 6. 6279 " 
" 7700 944 6. 6667 " 
" 7800 1030 6.6604 " 
" 7900 1016 6.6875 " 
" 8000 6.6970 " 
" 8100 6. 7137 " 
" 8200 6.728 " 
" 8300 6.74256 " 
" 8400 6.7632 " 
" 8500 6.7759 " 
" 8600 6.7863 " 
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Table 6.3 continued 
25.5 8700 6.8078xl0 -3 6.35xl0 -3 
" 8800 6.83439 
" 8900 6.83799 
" 9000 6.613 
" 9100 1134 6. 9161 
" 9200 1166 6.9143 
" 9300 1198 6.9278 
" 9400 1244 6.9386 
" 9500 1295 6.9874 
" 9600 1343 6.9932 
" 9700 1295 7.0022 
" 9800 1345 7.0232 
" 9900 1402 7.0424 
" 10000 1403 7.0424 
" 10100 1462 7.0894 
" 10200 1506 7.0978 
" 10300 1584 7.1326 
" 10400 1580 7.1264 
" 10500 1610 7.1647 
" 10700 1634 7.1999 
" 10800 1734 7.2204 
" 10900 1756 7.2396 6.36xl0 
-3 
" 11000 1776 7.2760 6.40 " 
" 11100 1823 7.3058 6.50 " 
" 11200 1866 7.3258 6.56 " 
" 11300 1866 7.3449 6.66 " 
" 11400 1971 7.39722 7.02 " 
" 11500 1990 7.4087 7.03 " 
" 11600 2068 7.429 7.03 " 
" 11 700 2054 7.4587 7.04 " 
" 11800 2140 7. 4870 7.04 " 
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Table 6.3 continued 
25.5 11900 2942 7.52063xl0- 3 7. 42 xl 0 
" 12000 3001 7.54667 7.42 
" 12100 3022 7.5559 7.51 
" 12200 3100 7.59034 7.51 
" 12300 8182 7.62647 7.56 
24.0 
" 12400 3272 7.6660 7.666 
22.5 
" 12500 3217 7. 6418 7.7100 
" 12600 3346 7.6986 7.7600 
19.5 
" 12700 3351 7.70082 7.86 
" 12800 3385 7. 7157 " 
18.5 
" 12900 3386 7.7162 " 
16.5 
" 13000 3420 7.7311 " 
" 13100 3434 7.734 " 
15.0 
" 13200 3495 7.7640 7.88 
" 13300 3489 7. 7614 7.88 
" 13400 3495 7.7640 " 
" 13500 3499 7.7657 " 
" 13600 3514 7.772 " 
" 13700 3537 7.7824 " 
" 13800 3564 7.7943 7.89 
Final crack length:-
Electrically measured = 7.7943 - 6.2032 x 10- 3 
= 1.5911 x 10- 3 m 
Optically measured = 7.89 - 6.35 x 10- 3 
::: 1.54 x ]0 )m 
" 
" 
" 
" 
-3 
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TABLE 6.4 S2 ecimen CP.R2 
MAXIMU~1 No. Digital Converted Optically 
KI of readings crack length measured 
MNM- 3 / 2 Cycles from (m) crack 1 en g th 
comp uter (m) 
25. 5 0 6.2032xl0 -3 6. 35xl 0 -3 
11 100 636 8. 4884 
11 200 760 6.5446 CRACK NOT 
11 300 844 6.5826 VISIBLE 
11 400 859 6.5863 11 
11 500 870 6.5944 11 
11 600 894 6.6053 11 
11 700 910 6. 6125 11 
11 800 924 6. 6188 11 
11 900 928 6.6207 11 
11 1000 971 6.62068 11 
11 llOO 958 6.6401 11 
11 1200 994 6.6342 11 
11 1300 1006 6.6505 11 
11 1400 990 6.6559 11 
11 1500 1009 6.6487 11 
11 1600 1036 6.6573 11 
11 1700 1058 6.6695 11 
11 1800 1042 6.6794 11 
11 1900 1058 6.6722 11 
11 2000 1091 6.6794 11 
11 2100 1086 6.6943 11 
11 2200 1112 6.69205 11 
11 2300 1094 6.7037 11 
11 2400 ll05 6. 6956 11 
11 2500 ll20 6.7006 11 
11 2600 1171 6.70739 
" 
11 2700 1128 6.73039 11 
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Table 6.4 continued 
" 2800 1128 7.7110xl0 
-3 6.35xl0 -3 
" 2900 1146 6.71912 
" 3000 1151 6.7213 CRACK NOT 
" 3100 1180 6.7344 VISIBLE 
" 3200 II in 6. 73 76 " 
" 3300 1165 6. 72816 " 
" 3400 1206 6.7461 " 
" 3500 1210 6.7479 
" 3600 1219 6.7520 
" 3700 1241 6. 7619 
" 3800 1240 6. 7614 
" 3900 1228 6.7560 
" 4000 1219 6.7632 
" 4100 1267 6.75207 
" 4200 1297 6.76419 
" 4300 1"276 6.7736 
" 4409 1318 6.7872 
" 4500 1338 6.777 
" 4600 1332 6.7966 
" 4700 1351 6.8029 
" 4800 1336 6.81145 
" 4900 1362 6.8047 
" 5000 1404 6.8164 
" 5100 1418 6.8352 
" 5200 1426 6. 8415 
" 5300 1454 6.8451 
" 5400 1422 6.8577 
" 5500 1472 6.8433 
" 5600 1496 6.8658 
" 5700 1520 6.8766 
" 5800 1538 6.8874 
" 5900 1524 6.8954 
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Table 6.4 continued 
25.5 6000 1582 .6.9116xl0 -3 6.35xl0 -3 
" 6100 1642 6.9152 
" 6200 1654 6.9421 CRACK NOT 
" 6300 1665 6.9475 VISIBLE 
" 6400 1708 6.9524 
" 6500 1727 6.9717 
" 6600 1734 6.9802 
" 6700 1778 6.9847 
" 6800 1802 7.0030 
" 6900 1829 7.0138 
" 7000 1864 7.0259 
" 
7100 1888 7. 0415 
" 7200 1946 7.0522 
" 7300 1975 7.0782 
" 7400 1971 7.0911 
" 7500 1999 7.0894 
" 7600 2047 7.10189 
" 7700 2060 7.1283 
" 7800 2119 7.1291 
" 7900 2163 7.1554 
" 8000 2175 7.1751 
" 8100 2239 7.1803 
" .8200 2306 7.1959 
" 8300 2332 7.2089 
" 8400 2367 7.2387 
" 8500 2379 7.2502 
" 8600 2422 7.26585 
" 8700 2486 7.2711 
" 8800 2508 7.2902 
" 8900 2566 7. 3187 
" 9000 2591 7.3284 
" 9100 2664 7. 3542 
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Table 6.4 continued 
25.5 9200 2761 7.3653xl0 -3 6.35xl0 -3 
" 9300 2776 7.39766 " 
" 9400 2851 7.4038 " 
" 9500 2879 7.4406 6. 62xl 0 -3 
" 9600 2959 7.4472 6.73xl0 - 3 
" 9700 3007 7. 4804 6.75xl0 -3 
" 9800 3091 7.492 8 6.75 
" 9900 3139 7.5197 6.75 
" 10000 3188 7.5281 6.76xl0 -3 
24.0 
" 10100 3166 7. 6194 6.76xl0 -3 
" 10200 3212 7.6387· 6.81xl0 -3 
" 10300 3207 7.6374 6.81xl0 -3 
" 10400 3241 7. 6524 6.82xl0 - 3 
22.5 
" 10500 3292 7.6748 6. 82xl 0- 3 
21. 0 
" 10600 3279 7.6691 6.87xl0 -3 
" 10700 3297 7.67707 " 
" 10800 3297 7.67707 " 
" 10900 3300 7.67839 " 
" 11000 3300 7.67839 " 
19. 5 
" 11100 3312 7.6836 6. 89xl 0 -3 
" 11200 3338 7.69509 " 
" 11300 3340 7.69597 " 
" llLf.OO 3377 7.7122 " 
18.0 
" 11500 HO 8 7.72585 6.93xl0 -3 
16.5 
" 11600 H24 7. 7320 6.93xl0 -3 
" 11700 3385 7.71578 6.93xl0 - 3 
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Table 6.4 continued 
16.5 11800 3348 7.6994xl0 
-3 
6.93xl0 -3 
" 11900 3356 7.7030 " 
" 12000 3410 7.7267 " 
" 12100 3385 7.7157 " 
" 12200 3381 7.71399 " 
" 12300 3414 7.7284 " 
" 12400 3409 7.72629 6.94xl0 -3 
" 12500 3423 7. 7324 " 
" 12600 3401 7.7227 " 
" 12700 3395 7.72014 " 
" 12800 3383 7.7148 " 
" 12900 3423 7.7324 " 
" 13000 3390 7.7179 " 
" 13100 3417 7.7298 " 
" 13200 3426 7.7337 " 
" 13300 3433 7.7368 " 
" 13400 3461 7.74912 " 
15.0 
" 13500 3462 7.74956 6.94xl0 -3 
" 13600 3445 7.74209 6.94xl0 -3 
" 13700 3461 7.74912 6.95xlO -3 
" 13800 3449 7.7438 " 
" 13900 3459 7.7482 6.98xlO -3 
" 14000 3474 7.7548 " 
" 14100 3462 7.7495 6.99xl0 -3 
" 14200 3478 7.7565 " 
" 14300 3465 7.75088 " 
" 14400 3494 7.7636 " 
" 14500 3614 7.8162 " 
Final crack length:-
Electrically measured: 7.8162 6.2032 - 3 - 3 - x 1 0 = 1 • 61 3 x 1 0 m 
Op tica11y measured: 6.99 - 6. 35 x 10- 3 = 0.64 x 10- 3 m. 
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TABLE 6. 5 Specimen CP.DA2 
~lAXIMUM Number Digital Converted Optically 
KI of readings crack length measured 
MNM- 3 / 2 Cycles from (m) crack 1 eng th 
computer (m) 
25.5 0 0 6.2032xl0 -3 6. 35xl 0 -3 
" 500 102 6.2454 
" 1700 260 6.3074 CRACK NOT 
" 1800 283 6.31477 VISIBLE 
" 1900 293 6.3279 
" 2000 268 6.33527 
" 2100 304 6.32115 
" 2200 321 6.3375 
" 2300 342 6.3452 
" 2400 357 6.3548 
" 2500 364 6.36167 
" 2600 398 6.3648 
" 2700 . 442 6.38033 
" 2800 448 6.40034 
" 2900 490 6.4030 
" 3000 514 6.42215 
" 3100 566 6.43306 
" 3200 605 6.45667 
" 3300 625 6.47438 
" 3400 639 6.4834 
" 3500 658 6.4898 
" 3600 726 6.4984 
" 3700 750 6.52925 
" 3800 814 6.54012 
" 3900 841 6.5691 
" 4000 890 6. 581 3 
" 4100 954 6.6035 
" 4200 998 6.6324 
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Table 6.5 continued 
25.5 4300 1008 6.6523xl0 -3 6.35xl0 -3 
" 4400 1049 6.56683 
" 4500 1096 6.67535 
" 4600 1128 6.69665 
" 4700 1182 6.7087 
" 4800 1222 6.7353 
" 4900 1297 6.75337 6.51xl0 
-3 
" 5000 1344 6.78715 
11 5100 1401 6.8083 6. 65xl 0 
::;3 
" 5200 1452 6.8339 " 
" 5300 1513 6.85687 11 
" 5400 1535 6.8843 " 
" 5500 1615 6.89415 " 
" 5600 1675 6.9300 6.75xl0 
-3 
" 5700 1753 6.95694 " 
" 5800 1780 6.9569 " 
11 5900 1852 6.99189 11 
" 6000 1902 7.0084 6.76xl0 
-3 
" 6100 1947 7. 03619 " 
" 6200 2037 7.05856 " 
" 6300 2111 7.07866 " 
" 6400 2169 7.1188 " 
" 6500 2230 7.15186 6.85xl0 
-3 
" 6600 2300 7.1777 " 
" 6700 2388 7.20489 " 
" 6800 2431 7.23605 " 
" 6900 2513 7.2751 " 
" 7000 2555 7.2943 " 
" 7100 2645 7.3307 " 
" 7200 2697 7.3493 " 
" 7300 2774 7.3892 " 
" 7400 2451 7. 4122 6. 99xl 0 
-3 
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Table 6.5 continued 
25. 5 7500 2923 7.4463xlO -3 7.15xlO 
" 7600 3007 7. 4804xl 0 
-3 7.19 
" 7700 3123 7. 5122 7.25 
" 7800 3140 7.5493 7.29 
" 7900 3241 7.6004 7.35 
" 8000 3241 7. 6004 7.40 
24.0 
" 8100 3271 7.6656 7.52'$10 
22.5 
" 8200 3214 7.6713 
21. 0 
" 8300 3342 7.6972 7.53xlO 
19. 5 
" 8400 3433 7. 72 32 7.54xlO 
16.5 
" 8500 3478 7.7368 " 
15.0 
" 8600 3524 '7.7565 " 
" 8700 3535 7.7767 7.65xlO 
" 8800 3545 7.7815 " 
" 8900 3538 7.7859 " 
" 9000 3561 7.792 9 7.55xlO 
Final crack length:-
Electrically measured: 7.7929 - 6.2032 x 10-'3 
, ~3 
= 1.5897 x 10 m 
Optically measured: 7.55 - 6.35 x 10- 3 
, ~ 3' 
=1.20xlO m 
Figures from 40 to 42 show the graphs of different 
specimens of crack length measured optically and auto-
matically against number of cycles. 
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SPECIHEN CP.B2 
~lachined Notch 
Len g th 
+ 
Crack 11ngth 
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o 
0- Electrically measured crack len gt 
0= Optically measured crack length 
Figure "40. A graph of number of 
cycles against crack 
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SPECIMEN CP.R2 
o 
0- E;~lectrically measured crack length 
2 
0:::: Optically measured crack length 
4 
Figure 41. A graph of number of cycles 
against crack length. 
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SPECIMEN CP. DA2 
Hachined Notch 
Length 
+ 
Crack Length 
x 10- 3 
0= Electrically measured crack length 
0= Optically measured crack length 
Figure 42. A graph of number of 
cycles against crack 
length. 
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One of the specimens (CP.DA2) was broken by immersing 
it in liquid nitrogen and forcing the notch apart using a 
cold chisel and hammer. The fatigue precrack surfaces 
were revealed and examined under the microscope. The 
method used to break this specimen ensured that the 
fatigue precrack front was clearly distinguishable. 
Figure 43 shows a micrograph of fatigue crack front. 
The crack length was measured. The measurement- reading. 
were compared with electrically measured readings. Crack 
length measurements were made from left to right after 
every 10 mm. Table 6.6 shows the crack measurements. 
Only one of the specimens was broken because of the need 
to conserve the others for the high temperature crack 
propagation tests. 
TABLE 6.6 
Readings from left to right 
Position in Measured crack 
specimen 1 en g th (mm) 
1 1.125 
2 1. 4167 
3 1.5833 
4 1.6667 
5 1.8333 
6 2.000 
7 1.8333 
8 ·1.8333 
9 1.8333 
10 1.6667 
11 1.5833 
12 1.4583 
13 1. 3333 
Mean crack length = 1.63781 mm. 
Automatically measured crack length _ 1.5897 mm. 
-119-
Figure :43. Micrograph of Fatigue-crack front 
Magnifiqation 12. 
The crack length was measured from 
left to right. 
Mean Crack Lengt~ = 1.63781 mm 
Minimum Crack Length = 1.12500 mm 
Maximum Crack Length· = 2.000 mm 
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6.3 Microscopy 
The crack surface of the one specimen broken was sub-
jected to optical and scanning electron microscope (SEM) 
examination. The SEM used is a Cambridge Instruments micro-
scope. The fracture surface was cleaned ultrasonically and 
carbon coated before examination. Striations were evident 
on the fracture surface, as shown in Figure 44. 
Before the specimen was fractured, the test piece 
surface was polished and subjected to optical and scanning 
electron microscope examination in etched and unetched 
conditions. The polishing of the surface consisted of wet 
grinding on consecutively finer silicon carbide papers up 
to a longitudinal finish on 600 grit. The fine scratches 
from silicon carbide papers were removed by using alumina 
powder (i.e. 0.05 micron) on selvyt cloth, with ten percent 
oxalic acid solution as lubricant. The specimen was etched 
in a mixture consisting of two perc~nt hydrofluoric acid, 
ten percent nitric acid and eighty-eight percent water. 
The specimen was etched for two to four seconds. 
Figures 45 to 46 are micrographs of the etched and 
unetched pre-crack edge surface. 
It can be seen that the crabk grows in intergranular 
and transgranular fashion. It is intergranular when the 
crack grows between "the grains and is transgranular when 
the crack grows through the ~ phase. 
Figure 44 -121-
SEM Fractography of the Fracture Surface 
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Figure 45 
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6.4 Crack Growth Rates 
The crack growth rates were calculated from crack length 
versus cycles data obtained from pre-cracking tests with a Kr 
maximum of approximately 25.5MNm- 3 / 2 (i.e. before any stress 
reductions) • 
A computer program was used to differentiate the crack 
length against number of cycles curve numerically as shown in 
(Chapter Five). This data reduction process uses the "seven 
point incremental polynominal technique". Fi~ures 47 to 49 
show the print out of results for different specimens. 
The crack growth measurements are presented as con-
ventional double log~rithm plots of crack growth rates (da/dN) 
versus stress intensity ra'nge (6k) in Figures 5,0 to 52. 
The growth rates are about the same for each specimen. 
The crack growth rates can only be measured when the 
crack is fully developed and growing. As can be seen from 
the graphs, prior to full development of the cracks, there is 
much scatter in the results. However, when crack ~ 
begins to grow, there is little scatter and all the points 
fit closely to the line drawn. 
FICURE 47 -125-
__ FATIGUE DATA ANALYSIS --
SPECIMEN IDENTIFICATION CP_ B2 
NUMBER OF DATA POINTS 122 
MAX ][ MUM LOAD O(MN :> 
MI N J[ MUM LOAD O(MN 
TH][ C~,NESS M :> 0:L27 
WIDTH OF SPECIMEN M :' 0254 
NOTCH LENGTH M ) 5_35E-0::: 
TEST ENV][RONMENT A][R 
TEST TEMPERATURE <C :. .--.~ _.::... ...J 
TEST FREQUENCY < HZ -, 
R-RATTO <P:~/P2:' _ :L 
N(!) Am A(R) Nee DK(!) IJA/DN(l) 
~ 6.20320662£-03 
100 6. 3il2\l Di6E-03 
200 6. 32661881E-03 
300 6. 33572794E-03 5. 338E-C3 .8£614 22.941 1. 68345702£-07 
400 6.33117364£-03 £.334E-C3 .78038 22.937 5.7752301E-08 
500 6.3311E~-03 6. 334E-C3 .91572 22.937 4.050B7929E-08 
600 6. 339371E-03 6. 34E-03 .83752 22.943 4. 63434332E-08 
700 6.34893244£ -03 £.35E-03 .6017 22.954 2.71564328E-08 
800 6. 3584 9156£ -\,;3 £.353E-C3 .74982 22.958 4.39090~75E-09 
900 6. 35485026E -03 6. 349E-C3 .31767 22.953 -1. 49596567E-08 
1000 6. 334-36171E-03 6.34E-03 .39 22.943 1.45839814E-09 
1100 6. 33663874E-03 6. 339E-C3 .71653 22.942 1.85309091E-08 
1200 6.341£4775£-03 6. 348E-C3 .1545 22.952 2.35746211E-08 
1300 6. 36759333E-03 6. 355E-C3 .5925 22.96 4. 39004596E-~8 
1400 6. 3648£~.02E-03 6. 36E-03 .50971 22.965 2. 29277287E-08 
1500 6. 34620084E-03 6. 358E-03 .084Il7 22.963 8.6194-489Ec0':3 
,. ........................ r- ,. .... r ............ ,.,.... -~. ... ~ ....... ,..,..- ..... 
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1400 6. 3648£3B2E -1l3 £.36E-1l3 .58971 22.%5 2. 29277287E-
1500 6. 34620il84E-1l3 6.358E-Il3 .084il7 22.963 8. 6194489E_ 
1 bill 6. 36122231E-1l3 £.353E-Il3 .£2991 22.9S8 3. '11076561E-
1700 6. 35211'117E-1l3 £.356E-Il3 .4554 22.961 2. 11307627E-
1800 6. 36122231E-1l3 6. 364E-Il3 .59505 22.97 2. 373311l31E-
1900 6. 37168844£-1l3 6. :364E-Il3 .20132 22.97 1. 1052E202E-
2000 6. 36759333E-1l3 6. 365E-113 .38204 22.971 2. 11294024[-
2100 6. 35758127E-113 6. 36>.£-Il3 .01687 22.972 3.007ffi978E-
2200 6.36577314E-1l3 6. 365E-Il3 .2683 22.971 -1.33272943E 
2300 6. 37350835E-1l3 6.366E-113 .4252 22.972 -1. 46284323E 
2400 6.36.349m:-03 6.363E-Il3 .01PA2 22.969 Ulil92353E-
2500 6. 35667095E-1l3 6. 358E-Il3 .71454 n.963 2. 469374E-00 
2600 6. 3553B545E-1l3 6. 363E-Il3 .488 22.969 2. 940961£9E-
2700 6.37396-'33£ -1l3 6. 372E-Il3 .44972 22.979 3.7B637177E-
2800 6.3912481E-03 6. 378E-Il3 .64785 22.986 4. 22525604E-
2900 6.376693E-03 6.3BIE-Il3 .5il684 21.989 3.47749237E-
3Boo 6. 37350835E -1l3 6.3BIE-Il3 .02554 22.9!l9 4. 550022115E-
3100 6. 38306152E-113 6. 379E-Il3 .11825 22.987 -8. 283B9111BE-
321'll 6. 38760983E-113 6.3B3E-Il3 .7007 22.991 -8. 4495851BE-
3300 6. 37851ai9E-113 £.3BE-03 .35526 22.988 -1. 21853535E-
3400 6. 37760286E-1l3 6. 368E-Il3 .65E36 22.974 5. 87452451E-0 
3500 6. 36759-.'33£ -113 6.3BIE-Il3 .33$8 22.9!l9 6. 16877183E-0 
3b11l 6. 37578314E-113 6. 39SE-Il3 .3011 23.005 7.1M768711H 
3700 6. 44941466E-113 6. 406E-Il3 .35348 23.017 6. 07485625E-
3BOO 6. 39852362E-113 6.41SE-Il3 .44174 23.027 2. 3410762E-08 
3900 6.40307015::-113 £.409E-Il3 .12617 23.021 -2. 0755134H 
4BOO 6.40307015::-1l3 6. 391E-Il3 .77625 23 -4. 2189918..'E-
4100 6. 38670021E-1l3 6. 39BE-Il3 .01707 23.008 3. 55955687E-0 
421'll 6. 39670487E-1l3 £.398E-Il3 .09766 23.008 8.76736588E-0 
4300 6. 416706.5!i:-1l3 6.4E-1l3 .29213 23.01 2. 53297282H 
4400 6. 39488603E-1l3 6. 405E-113 .58724 23.016 4. 48127769H 
4500 6. 40678698E-Il3 £.408E-1:' .38824 23.019 2. 88986147Ec0 
4600 6. 41397966E-1l3 6.411' .04963 23.023 4.Il5974268t --. 
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4700 5. 421l34214E-03 6.414E-03 .45481 2H26 3. 149241fl2E-Q 
4800 6. 4148886SE-03 6. 414E-03 .18441 23.026 1.63928982E-B 
4900 6. 40261552E-03 6. 413E-03 .60732 23.025 3. 1318241!2E-9 
5BOO 6.42670359£-03 6. 418E-93 .29025 23.031 2.67768!1E-llS 
5100 6. 41943327E-03 6. 423E-03 .62461 23.037 5.63065144E-0 
5200 6.43987751£ -03 6.431E-03 .71589 23.046 6. 5229776£-llS 
5300 6. 42396aE-83 6. 437E-03 .34536 23.053 2.934oo467E-9: 
5400 6.44941466£-03 6. 44E-03 .41tzl 23.056 3.5205494£ -llS 
5500 6.44714415£-03 5. 438E-03 .540S8 23.054- 4.47600071£-91 
5600 6.43215545£ -03 5. 445E-03 .73001 23.062 7.37845131E-91 
5700 5.44941466£-03 5. 452E-03 .5B2S9 23.07 5.35681657E-0! 
5800 5.4598E.4£-0:', 5. 461E-03 .7805 23.001 5. 58297346E-91 
5900 6.47755815£ -03 5.47E-03 .84112 20,.091 8. 7055563E-llS 
5000 6. 46565529E-03 6. 474E-03 .83873 23.096 8.1348939H13 
6100 6. 47619584E-03 6. 48E-03 . 92;,.'87 23.103 8. 342979'39£-0E 
5200 6.49661165£-03 5.492E-03 .88534 23.117 9. 23320873E-9E 
6300 5. 50794851E-03 6. 508E-03 .97052 23.137 8. 63415947E-08 
6400 5.51745912E-03 5. 512E-113 .82378 23.141 8. 80874685E-08 
6500 6. 51928229E -lE 5.517E-93 .85474 23.147 8. 527038%E-08 
6600 6. 51157575E-03 5. 525E-03 .88193 23.157 9. 28859131E-08 
6700 6.54465784£ -03 . 5. 537E-113 .86322 23.172 9. 78892592E-98 
5800 6. 55462231E-03 6. 55E-03 .91372 23.188 1. 12100836H7 
6900 6. 56141481E-03 5. 554E-113 .95126 23.205 1. 95433501E-07 
7000 6.5653952::<: -0,':, 5. 559E-03 .97801 23.211 7. 79395700E-08 
7100 6.5817852::<: -03 5. 574E-113 :93751 23.217 1. 05205654E-07 
7200 6. 58223779E-03 5. 588E-03 .84719 23.235 9. 98631575E-08 
7300 6. 592192f.8E-03 6. 599E-03 .85821 23.249 1. 02593705E-07 
7400 6.52701483£ -03 5. 606E-93 .8721 23.257 1.30311639£-97 
7500 6. 51073821E-93 6. 523E-03 .864S3 23.279 1. 37394758E-07 
7500 6. 52791888E-03 5.636£-113 .8779 23.295 1. 46053772£-07 
7700 6. 55677352E-03 6. 549E-93 .88182 23.312 1.41479741£-07 
7800 6. 66045098E-03 6. 67E-~" .9589'3 23.339 1. 67B982\l8E~0T 
7900 6. 68754033E-03 6.685f .95077 23.359 I. '\\%.\71 SF- ,-
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8000 6.69701714£ -i\3 6.696£-113 .9673 23.373 1. 3889l."IB5E· 
8100 6.71371l877E-i\3 6.713E-113 .98989 23.396 1. 60692361E· 
8200 6.728135£-03 8. mE-113 .99681 23.416 1.52315265£· 
8300 6.7 425638IiE -i\3 6.745E-113 .9962 23.439 1. S25~89E-
8400 6.76329921E-i\3 6. 7S9E-113 .99418 23.457 1. 542942(-07 
8500 6. 77S900&.'IE-i\3 6.774E-113 .98%8 23.478 1. 68689116£-
8600 6. 78625649E-i\3 6.792E-113 .9a1E5 23.582 1. 64449695E-
8700 6. 88785937E-i\3 Ul18E-\l.3 .98179 23.525 1. 66624237E-
8800 6. 83439641£-i\3 6.825E-03 .9851 23.548 1. 7715548Hl 
8900 6. 83799326E-i13 6. 842E-113 .98092 23.572 2.0.1129947E-
9000 6. 86136457£-i13 6.864£-113 .964 23.603 1. 87889218£-1 
9100 6. 88112926E-i13 6.884£-0.3 .95313 23.631 1.74182966£-1 
9200 6.91614179E-03 6.!ll4£-113 .97673 23.66 1. 670810.79E-1 
9300 6.91434785£-03 6.915E-03 .92049 23.676 1. oo248141E-1 
9400 6. 927805'J7E-03 6. 932E-\1.3 .92919 23.701 1. 7967S21E-0i 
9500 6.938565£-03 6.949E-0.3 .91788 23.725 1.698:448E-0j 
9600 6. 98741508E-03 6. 972E-113 .95248 23.759 1. 89312602E-Q 
9700 6.99323661£ -03 6. 992E-113 .95747 23.789 1.885ge894E-i 
9800 7.0021911E-03 7.007E-0.3 .93613 23.811 2. 1162i1323H 
9900 7. 02322593£-i13 7. 924E-113 .97162 23.837 2.0.14097E-07 
180ile 7. 04246045E-i13 7. 048E-113 .98il24 23.873 2. 41387007E-0 
moo 7. 08938795£-03 7.t379E-113 .96456 23.921 2.31104506E-0 
1821l\l 7. 09787345E-i13 7. 10.2E-\1.3 .9604 23.957 2. 2713615E-87 
10300 7. 1 3268891E-i13 7.123E-\1.3 .95269 23.989 2. 10424489E-0 
18400 7. 1264423IE-i\3 7.139E-113 .96333 24.815 1.87968792E-0' 
18500 7. 1647981E-i13 7. 159E-113 .96753 24.046 1. 98233117E-0: 
18600 7. 17!ll6018E-i13 7. 178E-113 .97 24.876 1. 943i13578E-0 
10700 7. 19999793E-i13 7.2E-i13 .98452 24.112 2.285573£-07 
IB800 7. 2204 7~-i13 7.219E-\1.3 • 997S3 24.143 2. 345708.37E-0 
11l91l1l 7.23961448E-i13 7. 245E-113 .99401 24.185 2.52712826£-0 
11000 7. 27607858E-i13 7. 274E-\1.3 .99118 24.233 2.54164387E-0. 
11100 7.38584643£ -i\3 7. 298E-113 .98524 24.272 2. 8234823E-07 
11200 7. 32582664E-i13 7. 32BE-\1.3 .9832 24.323 2. 81692763E-o 
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11,<10 7. 34490898E -B3 7. 356E-IIl .9B036 24.37 263434378£-
11400 7. 397225e4E-i13 7.3B2E-IIl .9B0il6 24.414 2. 607231l19E-
1I~0 7.4007 42:l7E-i13 7.40'lE-IIl .98245 24.461 265613798[-' 
11600 7. 42955378£ -113 7. 434E-IIl .98031 24.504 2.70304513[-1 
11700 7. 45875SIi3E-i13 7.457£-IIl .99629 24.544 2.50587513[-1 
lIaJ1l 7. 4870S685E-i13 7.489E-IIl .99239 24.601 266311072£-1 
11900 7. 5M;~"'.31E-i13 7. 517£-IIl .99484 24.&51 2.64874555E-1 
12000 7.54667854£ -113 
12100 7. 5585915E-83 
12L"eIl 7. 59B34il88E -113 
Figure 47: Printout of Data Reduction Results 
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FIGURE 48 
__ FATIGUE DATA ANALYSIS --
SPECJ[MEN :[ D.ENT:[ F I CAT I ON CP_ R::2 
NUMBER OF DATA POINTS _.- :L 1Z):2 
MAX I MUM LOI'"-='D O(MN -) 
-
-
MXN][MUM LOAD (MN :' -
TH J[ C~<NESS re: M -, - 0:1 :27 
I( M WIDTH OF SPECIMEN -, 
-
-
0( M NOTCH LENGTH .. , - E·_ 35E-~: 
TEST ENVIRONMENT _.-
TEST TEMPERATURE (C ) -
TEST FREQUENCY <I-IIZ -
R-RAT][O <P:i./P:2) --- _ :I. 
N([) Am A(R) Nee DK(f) DAfDN(I) 
0 6.20.320662£ -e.3 
100 6.488447E-03 
200 6.54465784£-03 
300 6.5B269034E-e.) 5.595E-03 .B929 23.243 5.21422116E-0 
400 6.5B631055E-e.) 5.59IE-03 .95359 23.2~.s 1. 80489744E-0 
500 6. 5944548E-e.) 5. 59BE-e.) .93838 23.247 1. 07633085E-0 
600 5. 50531116E -e.3 5.604£-03 .97~ 23. '-'SS 7.1.14330029£-01 
700 5. 512547e.6E-e.) 5.612E-03 .99357 23. LiiS 6.1.I412200BE-01 
800 6. 51887737E-e.) 5.616E-03 .90247 23.27 6.2817338£-08 
900 6.62068584£ -e.) 6.621E-03 .85937 2.3.276 5. 1344345£-08 
1000 6. 62068584E-e.) 6. 625E-03 .88402 23.281 5.859nG86E-01 
1100 5. 5401216E-e.) 6.632Hl3 .90484 23.29 6.58524531E-01 
121'10 6.5342457£-e.) 6.641£-03 .8425 23. ~.e2 s. 89108855E -01 
13f'! 6.650513SE-1I3 6. 647HF .83951 23.31 5. 30955972E -01 
-.1,:>.1-
1400 6.65593426£-03 6. 649E-Il3 .78293 23.312 4.72721234£-
IS00 6. 64870641E-03 6. 654E-Il3 .8S8a7 23.319 6. 242ffi363E-
1600 6. 65728933E-03 6. 66E-03 .77007 23.326 4. 74194537E-
1700 6.6694 82Il6E -03 6. 66bE-03 .7B61l2 23.334 4. ~61~13E-
1800 6. 6794155E-03 6. 672E-Il3 .88597 23.342 6. 515326387E-
1900 6.67219202E-03 6. 678E-Il3 .84fl; 23.35 5.4980;64Hl: 
2aOO 6. 6794155E-03 6.682E-Il3 .871i04 23.355 5. 36783994E-1 
2100 6. 69430971E-03 6. 688E-03 .73295 23. ::.&3 4. 44883797E-1 
2200 6. 69205338E-03 6.695E-Il3 .8921 23.372 4. 54554499E-' 
2:>00 6. 7037848BE-03 6.69SE-Il3 .75559 2, .• 376 3.57782964E-i 
2400 6. 695156345E-03 6. 697E-Il3 .8326 23.375 4. B4904987E-~ 
2S00 6. 70~2675E-03 6. 7IlSE-Il3 .55376 23. ~.as 4. 349Ba33SE-Q 
2600 6. 7073~S6E-03 6.7IE-03 .4837 23.392 3. 8018623SE-~ 
2700 6.n039323E-03 6.716E-Il3 .66463 23.4 4.211474~18E-Q 
2800 6. 7I10a?:iE- 03 6.71SE-Il3 .5581 23.4a2 4. 22007 4B4E-~ 
2900 6. 71912073E-03 6. 72E-03 .56786 23.405 3. 8972768SHI 
3B00 6.7213754'% -03 6.713E-Il3 .31!932 23.409 2. 211621171 E-QI 
3100 6. 73445053E-03 6.729E-Il3 .80B53 23.417 4.99I6843H18 
3200 6. 73760592E-03 6. 733E-Il3 .78171 23.422 4.6367561l7E-QE 
3300 6.728139E-03 6. T.)8E-Il3 .77617 23.429 4. 55S7559SE-~E 
3400 6. 74616924E-03 6. 74E-03 .84871 23.432 4. 6835B50SE -Q8 
3500 6.7479711E-03 6.747E-Il3 .83825 23.441 5. 18232I54E~Q8 
3600 6. 75211272bE-03 6. 7S6E-Il3 .927'03 23.453 4.S8697oo9E-Q8 
3700 6.76193883E-03 6. 7S7E-Il3 .78886 23.455 2.7S150723E-Q8 
3800 6. 7614883bE-03 6.76IE-03 .69718 23.46 !. 029B4B4E-0B 
3900 6. 7550823E-83 6. 7S9E-Il3 .09589 23.457 6.S965196E-09 
4000 6. 76329021E-03 6. 757E-03 .606 23.455 1. 3029180IE-Q8 
4100 6.752112726£-03 6.7SSE-Il3 .88S99 23.456 4. 0371S103E-Q8 
4200 6.76419111E-03 6.766E-Il3 .71033 23.467 4. 79336989E-Q8 
6300 6. 77364924E-03 6.771E-Il3 .80237 23.474 6. 224025E-08 
4400 6.787IS684E-03 6. 78E~P,3 .91528 23.486 7. 91202976H8 
4500 6. 7777021\IE-03 6. 786E-03 ' .91261 23.494 7.4920114E-08" 
4600 6. 79661!937E -03 6. 795E-03 .82243 ' , SIl7 5. 9640297E-w' 
4700 6. 80290977E-1\3 6.!£-1\3 .79738 23.513 5.59341873E 
4800 6. 81145868E-1\3 5.oo5E-113 .85454 23.522 7. 64916E-88 
4900 6. 8047097E-e3 5.811E-1Il .92322 23.529 7.311933003E 
5000 6. 81640718E-1\3 5.819E-1Il .98849 23.54 7.77416569E 
5100 6. 8::'529565E-1\3 5. 828E-113 .9249 23.552 8. 75245529E 
5200 6.84158977E-1\3 6.842E-1Il .94441 23.572 7. 451797B3E 
5300 6.84518594£-1\3 5.846E-In • S0m 23.578 5.45412099E 
5400 6. 8577099 I E-1\3 6. 849E-113 .81235 23.582 - 6. 1l987445IE 
5500 6. 8433879E- 03 6.ffi4E-1Il .87965 23.589 7.445371l89E-
5600 6. 86585743E-1\3 - 6.863E-113 .89862 23.602 8.69557555E 
5700 6. 8766381!£-1\3 5. 873E-113 .92454 23.616 1. 02654I%E 
5800 6. 8874159E-03 5. BS8E-{l3 .98728 23. &:>7 1. 164:;';913£-
5900 6.89549722£ -1\3 6. 896E-113 .9m9 23.649 1. 17981265[ 
6000 6. 91165478E-1\3 6. ~8E-{l3 .97563 23.666 1. 22114959E· 
6100 6.9152444.3£ -1\3 5. 922E-1Il .96337 23.b8€· 1. 17762023£· 
5200 6.94215615£-03 5.934E-IJ:. .90549 23.704 1. 22370419E· 
6300 6.94753623£ -03 5. 946E-1Il .90278 23. 721 1. 17528319£· 
6400 6.95246733£ -1\3 6. 959E-113 .96222 23.74 1. 102'38'339E' 
6500 6.97173732£ -1\3 6. 966E-113 .9741 23.75 U176992H 
6600 6.9802488'3£ -03 6. 978E-1Il .98049 23.768 1. 11823766£' 
6700 6. 98472792£ -03 5.99£-1\3 .9831l5 23.786 1. 16911l61i7E-
6SOO 7. 00308643E -03 7Hl3 .99231 23.801 1. 178251l15E-
6900 7. 01382BSIE-1\3 7.013£-113 .99212 23.82 1. 25945166E-
7000 7.025911\39£-1\3 7. 026E-1Il .• 98941 23.84 1. 45227067£-
7100 7. 04156604E-1\3 7.1l4£-1\3 .99371 23.861 1.497978£-01 
7200 1.05229765£ -1\3 7.1158E-113 .96894 23.889 1.40664153E-
7300 1.07821996£-1\3 7. 013E-113 .97178 23.912 1. 294 52235E-
7400 7.09117453£-03 7.004E-1Il .95129 23.929 1.270115342E-
7500 7.08938795£-03 Ul96E-113 .9442 23.947 1. 18350282£-
76011 7.10189224£-03 7. 103E-113 .97337 23.958 1. 2195286E-Il 
7700 7.12331863£-03 7.116E-1\3 .98:"-83 23.978 1. 46767068£-
7800 7. 12911956£-03 7.136E-l". • 98144 24.01 1. 61 23526E-1l 
7900 7.15543572£-1\3 7. 15"J3 • 98218 24.037 1.57992272E-
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881/.10 7. 17S1J4951E-\l3 7. 169E-e3 .9799 2UI;2 1.4837771!2E-
811/.10 7. 1003%98£ -\l3 7. 183E-e3 .97032 24.084 1. 63104331E-
821/.10 7. 1 9598941£ -\l3 " 7.197E-e3 .9837 24.107 1. 57293534E-' 
831/.10 7.20898413<: -\l3 7. 21:lE-e3 .98284 24. 133 1.62477465£-1 
841/.10 7.23872461£-03 7. 233E-e3 .98395 24.105 1. 61961624E~1 
851/.10 7. 251l29053E -03 7. 249E-e3 .98413 24. 191 1.55224346E-1 
8600 7. 265S5438E-03 7. 262E-e3 .96645 24.213 1. 619ffi4B1E-I 
8700 7. 2711S9il9E-03 7. 276E-e3 .98311 24.236 1.53788111E-' 
8800 7 . 29~9898E-03 7. 292E-ID .98676 24.262 1. 738744.34H 
8900 7.31872378£-03 7. 312E-ID .98222 24.296 i.79512539H 
9800 7.32848981£-03 7. 331E-ID .98787 24.328 2. 01772865H 
9100 7 • 35422477E -03 7. 352E-ID .98334 24.363 1. 912l:.'9S4H 
9200 7.36531a-\l3 7.];8E-03 .98252 24.39 1. 999ffi462H 
9300 7.39766889£-03 7. 391E-03 .97922 24.4.3 2. ~7::<l711E-0 
9400 7.40387019£-03 7. 41Hl3 .97872 24.463 2.09087274E-0 
9500 7.440;1889£-03 7.4.33E-ID .97912 24.502 2.11204'll2E-0 
9600 7.44725639£ -03 7. 452E-ID .98042 24.536 2. 085421l61E-0" 
9700 7.48042636£ -03 7. 477E-ID .98284 24.58 2. 059::4628E-0: 
9800 7. 49280232£ -03 7. 495E-ID .98248 24.612 1. 882'llI08E-0; 
9900 7. 5197501E-83 7. 513E-ID .97772 24.644 2. 10888904E-0, 
111000 7.52813973<:-03 
moo 7. 54932619E-\l3 
II!2OO 7. 58637368£ -03 
Figure 48: Printout of Data Reduction Results 
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FIGURE 49 
__ FATIGUE DATA ANALYSIS --
SPECIMEN ][ DENT I F:[ CAT]( ON CP_ DA:2 
NUMBER OF DATA POINTS 54 
MAXIMUM LOAD <MN ) 
MIN][MUM LOAD O(MN ) 
THICh:NESS 0::: M :. 
WIDTH OF SPECIMEN 0( M ) 
NOTCH LENGTH M ) 5_ 35E-IZ)::::: 
TEST EN· .... I RONMENT AJ[ R 
TEST TEMPERATURE 0( C -, 
TEST FREQUENCY <:: HZ ) 
R-RATTO <P:1L./P2:J _ Jl 
NW Am . A(R) Nee aWl DA/DN(l) 
1700 6.3074828£-03 
1800 6.31750758£-03 
1900 6. 31477~SE-03 
2000 6. 32798532E-03 6.324E-03 .70415 22.926 4. 21387105E-08 
2100 6.33527254£-03 6.327E-Il3 .69827 22.929 4.35951773E-08 
2200 6. 32115233E-03 6. 33IE-03 .7896 22.933 5.61129498E-08 
2300 5. 33754952E-03 6.335E-03 .8688 22.9..\8 5. 87034642E-08 
2400 5. 34529027E-03 6. 343E-03 .857 22.947 6. 68294238E-08 
2500 5. 35485026E-03 6. 353E-03 .97552 22.958 8. 87692932E-08 
2600 6. 36157742E-03 6. 359E-03 .97497 22.964 9. 58839773E-08 
2700 6. 3648~.02E-03 6. 37E-03 .96679 22.977 1. 01 063778E-07 
2800 6.38033228£-03 6. 38E-03 .97437 22.988 I. 14354754E-07 
2900 6.400.3423E-03 6.394H~ .97879 23.004 1.25532574E-07 
3000 6. 40307015E-03 6.407E-· .98257 23.018 1. 43832215E-07 
3W 6. 4221 598E-03 6.42' .98775 23.033 1. 51720113E-07 
-1.))-
3200 6. 4330641l1E-03 6. 436E-03 .9821 23.1l52 1.52315335E-0 
3300 6. 45667943E-03 6.455E-03 .98861 23.074 1.51473B6E7il7 
3400 6. 47438167E-03 6.47£-03 .98n 23.091 1. 31800183£-0 
3500 6. 48345665E-03 6.481£-03 .94984 23.104 1. 38388051£-0' 
3600 6. 489807B8E-03 6.492£-03 .9678 23.117 1.33948942£-0' 
3700 6.49842578£-03 6.504£-03 .98523 23.132 1. 5601>:,239£-0', 
3800 6.52925322£ -03 6.523£-03 .97942 23.155 1.7b4a)1S2E-0; 
3900 6.5431277E-03 ~.543E-03 .98784 23.179 1. 95269422£-0i 
4BOO 6.56911155£ -03 6.564E-\R, .98934 23.205 2.113Z.6323E-9i 
4100 6.58133::''61£-03 6.583E-03 .99354 23.228 2. l0076636E-0i 
4200 6.60-150198£ -03 5. 608E-03 .98546 23.26 2. 02733551E-~j 
4300 6. 632438B5E-03 6.627E-1l-3 .982£5 23. "~4 1. 351 %857E-0) 
4400 6. 6523205H3 6. 646E-03 .98455 23. :00 1.83499816£-07 
4500 6.65683765£-03 6. 663E-03 .98159 23.33 1.6679342H7 
4600 6.67535245£-03 6. 675E-03 .98988 23.346 1. 64757557£-07 
4700 6.6965659".£ -03 6. 692E-03 .99235 2.3. ::.&8 1.76235368E-07 
4800 6.7oo74714E-03 6. 711E~3 .9946 23.39.3 2.09213149£-07 
4900 6.7353521E-03 ·6. 733E-03 .99531 23.422 2.231~1511E-07 
5000 6.75337899£-03 6. 757E~3 .99516 23.455 2. 368113~6E-07 
5100 6.78715684E-03 6.783E-03 .9974 23.49 2. 48747073E-07 
5200 6.81l-83093E-03 6.008E-03 .99735 23.525 2.50191492E-07 
5300 6.83394678£ -03 6. 835E-03 .99608 23.562 2. 37538572H7 
5400 6. 85687118£-03 6.8S6E-03 .99234 23.592 2. 32386541E-07 
5500 6. 88427271E-03 6. 878E-03 .9921 23.£23 2. 4121534H7 
5600 6. 894151l-4SE-03 6. <:ll1£-03 .99367 23.656 2. S7061326H7 
5700 6.9300482£-03 6. 929E-03 .98% 23.6% 2.61714529£-07 
5800 6.95694958£ -03 6.957£-03 .98939 23.737 2. 665141l-54£-07 
5900 6.99189326£-03 6. 987E-03 .99745 23.782 2.70367119£-07 
6800 7.008458£-03 7.012£-03 .99725 23.819 2.4763393£-07 
6100 7.03619911£-03 7. 034E-03 .99107 23.852 2. 53344269E-07 
6200 7. 1l-5355636E -03 7. 056E-03 .99646 23.886 2.65424611E-07 
6300 7.07866674£ -03 7.OO6E-03 .99532 23.932 2.35512218£-07 
6400 7.11885579£-03 7.116E-03 .99398 23.978 2.92010071£-07 
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6500 7.1518684~-93 7. 147E-\';3 .9'3621 24.027 3.01365566E-
6000 7. 1 m2334£ -ll3 7. 178£-ll3 .99578 24.076 3. 13212665£'" 
6700 7. 2048966£-93 7. 2IlB£-ll3 .99&35 24.125 2. %892579E-1 
6800 7.236e5513E-03 7. 237E-ll3 .9965 2A.172 2. 9998684 7E-1 
6900 7.27518963£-03 7. 269E-ll3 .99565 24.224 2.94547645E-1 
7000 7. 2942975E-03 7.2SBE-ll3 .99404 24.272 2. 98270726E-1 
7100 7. 331l70909E-93 7.327E-03 .9939 24.321 2. 89949629£-1 
7200 7.34934536£ -93 7.354E-03 .99542 24.367 2.88593621H 
7300 7.38924931£-03 7. ::34E-Il3 .99633 24.418 3.1l451846Hl7 
7400 7.41228571£-93 7. 414E-Il3 .9971 24.469 3.00529618£-0 
7500 7.44637146£-93 7. 447E-Il3 .99812 24.527 3.26453053E-0 
7.00 7.48042636£-03 7.477E-\,;3 . .99845 24.58 3.47727025E-0 
7700 7. 51224201E-03 7.517E-03 .98892 24.651 ~" 44342079E-0 
7BOO 7.54932619E-93 
7900 7.6004 m.6E-03 
8000 7. 60796778£-03 
Figure 49: Printout of Data Reduction Results 
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CHAP TER- 7.0 
DISCUSSION 
7.1 Fatigue Crack' Growth Measurement by Optical and 
Electrical Potential Dr~~etho~ 
The fatigue crack length was measured automatically, 
i.e. by the direct current potential difference method and 
optically by a travelling microscope. The crack growth 
readings were taken after every 100 cycles and compared 
with target values. 
During the fatigue precracking the optical crack 
measurements are restricted to measurements of the crack 
length on the side surfaces of the specimens. The crack 
front was, however, slightly curved (as shown in Figure 53) 
length therefore under-and the optically measured crack 
estimated the length of the real cr ac k. By contrast, the 
direct current potential difference method measures current 
across the uncracked ligament. This current is proportional 
to the average area of the uncracked ligament, and hence 
this method gives an average value to the crack length. 
This is a more accurate and reliable method of measuring 
the length of the crack. 
Figure 53. Fatigue Crack Front. 
electrically measured 
crack lerigth 
optically measured 
crack length crack 
growth 
direc-
Machined notch tion 
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The, fatigue cracks do ,not grow through the tes,t specimens 
wi th crack fronts' pa.rQ..IIQ.\ " to the front and back faces 
of the test, specimens, but are convex to the direction of the 
crack growth. The extent of the curvature does not usually 
remain constant in the test but tends to increase as the 
crack tip stress intensity factor increases due to the side 
face plasticity effect on the crack motion. In these circum-
stances, a calibration based on an initial crack length with 
a particular curvature under-estimates subsequent crack 
lengths if the curvature of the crack front increases. This 
could lead to errors in the results of the crack measurements. 
In making the potential drop measurements across very 
small cracks a possible source of error may be present in the 
form of substantial plastic deformation in the material ahead 
of the crack tip. The change in shape of the crack tip and 
the change in the resistivity of the plastic ally deformed 
material ahead of the crack tip could significantly alter 
the potential drop values even before any true crack propa-
gation occurs. 
The crack length resolution of an electrical potential 
system is a function of the instrument sensitivity for a 
given specimen geometry, and is limited primary by the level 
of the noise in the system. The sensitivity, or equivalent 
crack growth to produce a full scale output, depends on the 
amplifier gain, the specimen geometry, the placement of the 
potential lead wires, and the applied current to the specimen. 
It has been shown that the positioning of the current 
d '1 I'd . (74-76) 1 an potentla s ea s are lmportant, , because arge 
differences in sensitivity and reproducibility are produced 
by changes in the leads positions. Figure 54 shows the 
current lead attachments points, 1. e. by the letters A and 
S, namely on the top surface close to the crack plane or 
distance from the crack plane and thirdly on the side faces. 
The potential probes are usually placed adjacent to the crack 
plane as shown by the points P. In this work the current 
was passed through A} and potential drops values were 
measured at points P 2 . 
A3 
IV 
Fig. 54 
( a ) 
PI 
:~~II·O 
Compact tension 
Top surface 
---'t--~. B 3 
side 
ace 
front 
face 
specimen with alternative 
current lead and potential 
probe attachment points. 
( b) non-uniform current 
configuration 
I 
'""" .,.
N 
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In CTS specimens the current density is not uniform 
throughout the specimens and so different current lead 
positions will lead to different calibrations. In parti-
ular, it has been found that the potential field near the 
crack plane in this type of specimens is influenced by the 
holes for the loading pins. Care was therefore taken to 
ensure that the loading pins were not tight and did not 
result in variable electrical resistance in the region of 
the holes. 
With careful potential drop calibration and careful 
attachment of the leads, reliable measurements of crack 
lengths should be achievable. This is seen in the results 
of crack growth measurements which show that the electrical 
potential technique does provide more reliable and accurate 
measurements of the fatigue crack lengths than the optical 
method. Furthermore the system can be readily interfaced 
hith data acquisition devices or an automated material test 
system. The system provides high crack length. resolution 
and measurement sensitivity. 
7.2 Microscopy 
It can be seen from the micrographs (Figure 46), that 
the fatigue crack propagates both through transformed (~) 
i. e. it is transgranular and between equi-a~ed grains of (ol) 
phase and transformed (~) phase, i. e. is intergranular. 
Poorly developed striations were evident on the fracture 
surface of the specimen. The formation of regular striation; 
requires (a) many available slip systems and easy cross slip 
to accommodate the (usually curved) crack front and to 
facilitate continuity of the crack front through adjacent 
grains; and (b) preferably more than one possible crystal-
lographic plane for crack growth. If these requirements are 
not fulfilled slip will be irregular and fine periodic 
striations cannot develop. The orientation of a particular 
grain may be suitable for the generation of regular stri-
ation~, but the limited possibilities for slip may prevent 
striation: formation over some length' along the crack 
front in adjacent grains of other orientation. In such 
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cases poorly defined striations will usually be observed 
in a few isolated grains. 
Only one of the specimens was fractured because the 
need to conserve the other precracked specimens for the high 
temperature crack propagation tests. This is the reason why 
very little work was carried out on the microscopy. 
7.3 Fatigue Crack Growth Rates 
The fatigue crack growth rates were obtained from the 
crack length versus cycles data (a versus N), by the incre-
mental polynomial procedure. In this procedure a second 
order polynomi~l is fitted through seven data points at a 
time and the resulting polynomial differentiated and eval-
uated to give the gradient at the middle point. 
The fatigue crack growth rates obtained were inter-
-8 - 6 
mediate growth rates, i.e. 10 to 10' meters per cycle. 
The calculated crack growth rates compare favourably with 
- 8 - 6 
other people's results, i.e. from 10 to 10 m/cycles at 
high stress intensity range (20 to 40 MNm- 3 / 2 ). The double 
logarithmic plot (Fig.50-52)of the crack growth rates -(da/dN) 
versus the stress intensity range (6k) shows that most of the 
data fall on a straight line,- Le. region B in the s-shaped 
curve shown in Figure 9. The region B represents the fatigue-
crack propagation behaviour above the threshold value; which 
can be represented by the da/dN = A(Ak)m. For the inter-
mediate growth-rates (~egion B), fatigue crack growth occurs 
predominantly by a transgranular ductile striation mechanism 
and is little affected by microstructure, mean stress and 
specimen thickness. 
Although the data ~ompares favourably with other pe6ple's 
work, it should be treated with caution over the reliability, 
and reproducibility, because of very short crack length 
which is not .. a:;.l::o.'<?t':'~""fl-and small range of stress intensi ty 
amplitude (Ak). But the results are encouraging and show 
that confidence can be placed on results produced by the 
system. 
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7.4 General Assessment of the System 
From the results obtained in the precracking tests and 
the discussions in the previous sections, it is possible to 
conclude that the test system both (software and hardware) 
meet the objective set out in Section 4.1. The results 
show that it is possible to precrack different compact 
tension specimens to preset crack lengths. The developed 
software is very flexible, i.e. it can be used for different 
~aterials and for different sizes and types of specimens • 
.. In this work,' servo controls are used to provide the 
closely regulated testing force required for accurate, 
repeatable results. A servo controlled testing machine 
ensures that the actual load generated by the machine's 
power unit at any time is of the desired value programmed 
into the testing machine. Such control capability effect-
ively eliminates the variability encountered in manually 
controlled open-loop testing systems. 
7.4.1 Speed of Cycling 
In the fatigue precracking tests the speed of cycling 
was limited to 8 to 12 Hz (depending on load amplitude). 
This is much slower than is often used in precracking using 
systems other than servo-hydraulics and is due to the follow-
ing reasons: 
(i) The software is written in a high level language 
(Basic) and is relatively slow. However, this could be 
speeded up but at the expense of less points per load cycle 
and hence is less accurate in the generation of the required 
load pattern. 
(ii) The cycling speed is largely limited by the 
capacity of the hydraulic pump and servo-valve. It had been 
established that the practical limit for the stroke ampli-
tude in use is about 15 Hz. 
Despite the apparently low cycling speed, the specimens 
were fully precracked within an hour to an hour and a half. 
This is because a relatively high stress intensity amplitude 
w~s used to initiate and propagate the early crack. 
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., 
Available evidence s~gge5t~ that the speed of loading 
has little effect on the growth rate characteristics of 
material over the range 0.25 to 100 Hz although the growth 
rate is likely to be slightly faster at lower loading speeds. 
7.4.2 Accur~ 
An 8-bit convertor was used to generate the analog 
output command signal to the test machine. This has a 
theoretical accuracy of ~ 0.4 percent. The servo-hydraulic 
+ machine has an overall accuracy of about - 0.2 percent. The 
- + total system therefore possesses an accuracy of about - 0.6 
percent. This appears to be reasonable for general mechan-
ical testing, although a higher degree of accuracy would be. 
preferable. Unfortunately a 12-bit D-A convertor is not 
available for the Apple m~crocomputer. Twelve bit A-D con-
vertors available and one of these was used to read in crack 
length signals from the specimen. This convertor has an 
, + 
accuracy figure of - 0.05 percent. The error introduced by 
this is therefore negligible, and the total crack length 
reading error is governed by error in the potential drop 
measurement equipment and method more than by the A-D con-
version devices. The possible sources of errors in the 
potential drop measurement across the crack plane were dis-
cussed in an earlier section. 
7.4.3· Data Handling and Analysi.;;. 
Data from the test are fed directly into the computer 
during the tests and stored· into data files on flexible 
diskette.s at the end of the test. The file could be sub-
sequently retrieved by another computer program, for further 
analysis. The output (results) from these programs could 
then be displayed on the video monitor or printed on paper 
using the printer. This process minimises data handling and 
speeds up the analysis of the data. 
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7.4.4 Effect of Load Changes 
The order in which lo~ds of varying amplitude are 
applied can have a 
th (77,78,79) grow . 
profound influence on rates of crack 
In general a fatigue crack grows at the 
expected rate when the load is increased but is usually 
r.etarded for a time following load reductions. Basically, 
interactions occur because of the compressive residual 
stresses which arise at a crack tip when a load is removed, 
the wake of plastically deformed material adjacent to the 
crack surfaces which may cause crack closure before the 
minimum load is reached. 
7.5 Potential for Further Development 
The system can be developed to perform other related 
crack propagation tests. In view of the fact that the 
system is computer controlled, the modifications required 
are in the software and may be easily achieved. 
A very significant advantage of an automated materials 
test system is the ability to conduct tests based on the 
control of a "calculated" variable. In most non-automated 
materials test systems, the parameters which may be directly 
controlled by the servo system are limited to load, stroke 
and strain. However, it is often desirable to control other 
parameters such as trve strain or the stress intensity 
factor. These parameters are more closely related to the 
specimen material properties. Although analogue devices 
have been constructed to allow control of some of the more 
common material parameters, this procedure is considerably 
less versatile than the calculated variable control possible 
using a digital computer system. 
The' most commonly used calculated-variable tests are 
listed in Table 7.1. 
-148-
TABLE 7.1 Common Calculated-Variable Tests: 
~lonotonic 
Fracture 
~lechanics 
Fatigue 
Test 
Constant t,.VCL 
Strain rate 
Yield surface 
Probe 
Constant crack 
growth rate 
Crack-growth 
theshold test 
Plastic strain 
limit control 
Transition fatigue 
life 
Thermomechanical 
fatigue 
Control Variables 
Et = Ln(e . .j. 1) 
rv<2. eng 
Yield condition = f(stress, 
strain) 
4k = f ( cs- , a) = con s tan t 
Ak = f(O,a), 
Ak decreasing 
eplastic = etotal - C)jE 
eplastic = eel as tic 
emechanical = 
e thermal 
e -total 
The micro-computer software developed in this work can be 
modified slightly to perform the following tests:-
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7.5.1 Fatigue-Creep-Interaction at High Temperature 
Several recent papers (47,51,52) have demonstrated that 
dwell periods at peak stress can significantly reduce the 
number of cycles to failure in low cycle fatigue tests on 
- titanium alloys and can cause enhanced growth rates in 
fatigue crack-propagation tests. It has been widely 
believed that dwell on load periods could have a signifi-
cant effect only at elevated temperatures, where creep makes 
a large contribution to deformation behaviour. In all cases 
cleavage or quasi-cleavage facet formation has been inti-
mately linked with the dwell sensitive fatigue response. 
The micro-computer software can be modified to perform 
the crack propagation tests on the precracked compact 
tension specimens at high temperature (300-400 0 C) with hold 
ti me s. This method will allow the measurement of the crack 
length after every 100 cycles by direct potential current 
method automatically at peak load (as shown in Figure 55) 
the storage of the crack growth data on file and the sub-
sequent analysis of the data by the use of other computer 
software programs. 
Read 
crack 
1 e ng th 
Hold_ or 
dwell period 
/ 
0.4 sec 
, -r~o.p\:.o~.6..o..\, wa ve 
15 cycles-/;i;inute 
Load (KN) 
Ramp" 
........ 
1.6 1.6 
secs secs 
I cycle 
4 secs. 
Time (secs) 
Fig. 55: Typical hold-time test 
The software will carry out the fOllowing functions:-
(1) 
( i i ) 
generate ramp and hold signals; 
read the crack length voltage at maximum 
load after every 100 cycles. 
-150-
7.5.2 Constant-Stress-Intensity Range Crack Growth Test 
In fatigue crack growth tests, it is common to 
determine the crack growth rate (da/dN) as a function of the 
stress intensity factor (Ak). Limitations exist when con-
stant amplitude load or displacement tests are performed. 
When the cyclic load amplitudes are constant, the stress 
intensity factor increases as the crack grows. If the dis-
placement amplitude is constant then the stress intensity 
facto~ decreases as the crack grows. It is sometimes desir-
able (e.g. when studying crack growth through a weld) to 
perform the test with a constant stress intensity factor. 
To conduct such tests it is necessary to frequently update 
the load or displacement control amplitude as the crack 
length increases during the tests to maintain a constant 
value of Ak. Updates are typically performed on a block 
basis rather than cycle by cycle in order to keep inter-
ruptions to cycling at a minimum. 
7.5.3 Thermomechanical Fatigue Test 
Many engineering materials, e. g. turbine alloys, operate 
under conditions in which significant deformation is caused 
by both load and temperature fluctuations. For laboratory 
materials characterization these conditions are idealized in 
a thermome~hanical fatigue test. In this test it is neces-
sary to resolve and control the thermal and mechanical strains 
independently. Total strain is read from a high temperature 
extensometer. The software determines the thermal strain 
component by correlating temperature readings with stored 
values in a table previously determined and the mechanical 
strain then worked out as the difference between total and 
thermal strain. 
To conduct such a test, it is necessary to integrate the 
automated sub-system with the temperature control loop as well 
as the load- and strain-control loops. Data must be acquired 
from the strain, load, and temperature transducers. Further-
more, temperature as well as strain on load must be programmed. 
The ability to select an independent or phased relationship 
between the two coritrol channels is desjrable. 
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CHAPTER 8 
CONCLUSION 
A system for performing controlled fatigue precracking 
of compact tension specimens automatically using an Apple 11 
micro-computer, a servo-hydraulic test machine and a d.c. 
electrical current crack measurement device has been developed 
and demonstrated and found to work satisfactorily. 
In a comparison between the optical and electrical 
method, the electrically determined fatigue precrack length 
. , 
is more accurate and representative of the average crack 
length than the optically (side-on) measured crack length. 
Furthermore the electrically determined fatigue precrack is 
more reproducible than the optically measured crack length, 
as the variable curvature of the fatigue crack front leads to 
variable visible cracks on the sides of the specimen. 
Microscopic observations show that the crack length 
propagates both through transformed ~ phase, Le. the crack 
path is transgranular, and between 0<. and fl phases, Le. the 
crack path is intergranular. The formation of the striations 
were evident on the fracture surface. The crack growth rates 
-2 for stress intensity range of approximately 25 MNm are in 
- 8 . - 6 
the range 10 - 10 m/cycle. The double 'Log plot of the 
crack growth rate (da!dN) versus stress intensity range (Ak) 
shows that the most of the data fall on a straight line. 
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APPENDIX A 
COMPUTERS 
A.l The Conceptual Computer 
There are two main aspects of computer systems: hardware 
and software. The hardware refers to the electronic, 
mechanical and magnetic elements from which. the computer is 
fabricated. Software refers to the totality of programs and 
programming systems used by a computer. These programs are 
all initially written on paper (software) before being tra~s­
ferred to some storage media (hardware), and completely 
control the computer's operation from start-up to shut-down. 
Every computer contains five essential elements or units; 
the arithmetic logic uni t (ALU), the memory unit, the control 
uni t, the input unit and the output unit. The basic inter-
connection of these units is shown in Fig. 1. The arrows in 
this diagram indicate the direction in which data, information, 
or control signals are flowing. Two different size arrows are 
used; the larger arrows represent data or information that 
actually consist of a relatively large number of parallel lines, 
and the smaller arrows represent control signals that are 
normally only one or a few lines. 
A.l.l Arithmetic/Lo~Unit 
The ALU is the area of the computer in which arithmetic 
and logic operations are performed on data. The type of 
operation to be performed is determined by signals from the 
con trol uni t (arrow 1). The da ta tha t are to be opera ted on 
by the ALU can come from either the memory unit (arrow 2) or 
the input unit (arrow 3). Results o~ operations performed in 
the ALU can be transferred to either the memory unit for 
storage (arrow 4) or to the output unit (arrow 5) .• 
A.l.2 Memory Unit 
The memory unit stores groups of bina~y digits (words) 
that can represent instructions (Program) which the computer 
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Fig. 1 Basic computer organization 
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is to perform and the data that are to be operated on by the 
program. The memory also serves as storage for intermediate 
and final results of arithmetic operations (arrow 4). Oper-
ation of the memory is controlled by the control unit (arrow 
6) which signals for either a read or a write operation. A 
given location in memory is accessed by the control unit, 
providing the appropriate address code (arrow 7). There are 
two different types of memory (ROM and RAM). ROM is random 
access read only memory: RAM is random access read write 
memory. (Random access means that any location in memory can 
be accessed in the same amount of time, an example of a memory 
device which is not random access is cassette tape in which 
values are accessed sequentially). I~formation can be read 
from memory into the ALU (arrow 2) or into the output unit 
(arrow a). 
A.l.3 Input Unit 
The input unit consists of all the devices used to take 
information and data that are external to the computer and put 
it into the memory uni t (arrow 8) or the ALU (arrow 3). The 
control unit determines where the input information is sent 
,(arrow 10). The input unit is used to enter the program and 
data into the memory unit prior to starting the computer. 
This unit is also used to enter data into ALU from an external 
device during the execution of a program. Some of the common 
input devices are keyboards, switches, teletypewriters, punch 
cards and punched paper-tape readers, magnetic-tape readers 
and analog-to-digital conventors(ADC). 
, ' -,. A.1.4 Output Unit 
The output unit consists of the devices used to transfer 
data and information from the'computer to the "outside world". 
The output devices are directed by the control unit (arrow 12) 
and can receive data from memory (arrow 9), or the ALU (arrow 5), 
which are then put into appropriate forms for external use. 
Examples of common output devices are LED readouts, indicator 
lights, teletypewri ters, printers, cathode ray tube displays 
and digital-to-analog conventers (DAC). 
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A:l.5 Control Unit 
The function of the control unit should now be obvious. 
It directs the operation of all the other units by providing 
timing and control signals. In a sense, the control unit is 
like the conductor of an orchestr~, who is responsible for 
keeping each of the orchestr~ members in proper synchronization. 
The unit contains logic and timing circuits that generate the 
~ signals necessary to execute each instruction in a program. 
The control unit fetches an instruction from memory by 
sending an address (arrow 7) and a read command (arrow 6) to 
the memory unit. The instruction word stored at the memory. 
location is then transferred to the control unit (arrow 11). 
The instruction word, which is in some form of binary code, is 
then decoded by logic circuitry in the control unit to deter-
mine which instruction is being called for. The control uni t 
uses this information to generate the necessary signals for 
executing the instruction. 
A:'1.6 Central· Processing Uni t(CPU) 
In Fig. 1 the ALU and control units are shown combined 
into one unit called the GPU. This is commonly done to separ-
ate the actua'l '.brains I of the computer from the other units. 
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.. (l) 
A.2 The Bus System 
The three major components of the computer shown in 
Fig. 2 are interconnected by groups of wires called busses. 
The address bus communicates 16-bit values from the controller 
to memory and I/O. The data bus communicates 8 c bit values 
from any component to the others. The control bus is used to 
communicate control and synchronization singles among the com-
ponents. For example, if the controller is carrying out an 
instruction which says to store a value in a specific spot in 
memory, place the address of the desired memory location on 
the address bus. All devices on the address bus receive the 
signal, and it is up to circuitry on each device to determine 
if it should respond. Thus only the block of memory which the 
other busses to affect it. The· controller places the value 
which is to be stored on the data bus and it too in course, 
the block of memory previously mentioned. In addition, the 
controller places a signal on the cbntrol bus which specifies 
that a memory write (as opposed to memory read) operation is 
to take place, and this causes the specified memory location 
to store the value appearing on the data bus in the memory 
location whose address appears on the address bus. Since mos1 
microprocessors use synchronous busses, no further communi-
cation is n~cessary (i.e. in an asynchronous bus, the con-
troller would wait until it received a signal informing it 
that the memory operation had taken place). 
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During the execution of a program the control processing 
unit (CPU) constantly READING or WRITING into memory. The 
program may also call the CPU to read from one of the input 
devices or write into one of the output devices. 
A.3.1 The READ Operation 
The following steps take place during a READ operation: 
(1) The CPU generates the proper logic level on its 
R/W line for initiating a READ operation. 
Normally, R/W = 1 for READ. The R/W line is 
part of the control bus and goes to all the 
memory and I/O elements. 
(2) Simultaneously, the CPU places the 16-,bit address 
code onto the address bus to select the particular 
memory location or I/O device which the CPU wants 
to r~eeive data from. 
(3) The selected memory or I/O element places an 8-bit 
word on the data bus. All nonselected memory and 
I/O elements will not affect the data bus, because 
their tristate outputs will be in the disabled 
(h[gh-Z) condition. 
(4) The CPU receives the 8-bit word from the data bus 
on its data pins, DO through D7 • These data pins 
act as inputs whenever R/W = 1. This 8-bit word 
is then latched into one of the CPU's internal 
registers, such as the Accumulator. 
This sequence can be better understood with the help of a 
timing diagram showing the interrelationship between the 
signals on the barious bus~es, see Fig. 3. Everything is 
referenced to the 01 and 02 clock signals. The complete 
HEAD operation occurs in one clock cycle. The leading edge 
of 01 initates the CPU's generation of the proper R/W and 
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Fig. 3 Typical micro-computer timing for a READ operation 
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address signals. After a short delay, the R/W line goes 
High and the address bus holds the new address code (Point 1 
on timing diagram). During the 02 pulse, the selected memory 
or I/O device is enabled (Point 2) and it proceeds to put its 
data word on the data bus, is in its high Z state, since no 
device connected to it has been enabled. At some point 
during the 02 pulse, the data on the data bus becomes stable 
(Point 3). The· delay between the start of the 02, pulse and 
the data bus stabilizing depends on the speed of the memory 
and I/O elements. For memory this delay would be its access 
time. On the falling edge of 02, the data on the data bus 
are latched into the CPU (Point 4). 
A.3.2 The WRITE Operation 
The following steps occur during a WRITE operation: 
(I) The CPU generates the proper logic level on the 
R/W line for initiating a WRITE operation. 
Normally R/W = 0 for WRITE. 
(2) Simultaneously, the CPU issues the 16-bit 
address code onto the address bus. 
(3) The CPU then places an 8-bi t word on the data 
bus via its data pins DO through 0 7 , which are 
now acting as outputs. This 8.~ bi t word 
typically comes from an internal CPU register, 
such as the Accumulator. All other devices 
connected to the data bus have their outputs 
disabled. 
(4) The selected memory or I/O element takes the 
data from the data bus. All nonselected 
memory and I/O elements will not have their 
inputs enabled. 
This sequence has the timing diagram shown in Fig. 4. OnCe 
again the loading edge of 0 initiates the R/W and address 
bus signals (Point 1). During the 02 Pulse the selected 
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memory or I/O device is enabled (Point 2) and the CPU 
its data on the data bus. The data bus levels become 
places 
stabil-
ized a short time into the 02 pulse. These data are then 
written into the selected memory location while 02 is high. 
If an I/O device has been selected, it usually latches the 
data from the data bus on the falling edge of 02 (Point 4). 
A.4. Interfacing with the Analog World 
Digital systems, e.g. computers, perform all their 
internal operations in binary or some type of binary code, 
owing to the increased accuracy possible, and the simplici~y 
of the design. Any information that is to be input to a dig-
ital system must be put into binary form before it can ~e 
processed by the digital circuits. On the other hand, the 
outputs of a digital system are in some type of binary code 
and very often must be converted to a different form depending 
on how the outputs are to be used. Many devices are used on 
the input and/or output sides of digital systems to serve as 
the communications link to the outside world. (Fig. 5) 
Process-related I/O devices provide the means by which a digi-
tal system (i.e. computer) monitors and controls a physical 
process. On the input side, measurements of process para-
meters that are analog in nature are usually transduced 
(changed to a proportional electronic voltage or current) and 
sent to an analog-to digital converter, ADC, which conver.ts 
the analog quantity to a corresponding digital representation; 
A.4.1 Digi tal-to-Analog Conversion 
Essentially, D/A conversion is the process of taking a 
v~lue represented in digital binary code and converting it to 
a ·voltage or current which is proportional to the digital 
value. This vol tage or current is an Analog quantity, since 
it can take on many different values over a given range. In 
order to explain the concept, the diagram of a 4-bit D/A con-
verter is shown in Fig. 6. The same idea would hold true for 
the a-bit D/A converter which is used for this project. 
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The digital input D,C,B and A are usually derived from 
the output register of a digital system. The 24 = 16 differ-
ent binary numbers represented by these 4 bits are listed in 
Fig. 7. For each input number, the D/A converter output 
voltage is a different value. In fact, for this case, the 
'analog output voltage VOUT is equal in voltage to the binary 
number. For the DAC of Fig~ 7, it should be noted that each 
digital output contributes a different amo.unt to the analog 
output. This is easily seen if we examine the cases where 
only one input is high. The contributions of each digital 
input are weighted according to their position in the binary 
number. Thus A, which is the LSB (least significant bit), . 
has a weight if Iv, B has weight of 2v, C has a weight 0: 4v 
and 0, the MSB (most significant bi~) has the largest weight, 
Bv. The weights are 
beginning with LSB. 
successively doubled for each bit, 
Thus, we can consider VOUT to 
sum of the digital outputs. 
the digital input 0111 we can 
For instance, to find 
add the weight of C, 
bits to obtain 4v + 2v + Iv = 7v. 
,A.4.2 Resolution' (step' size·) 
be weighed 
VOUT for 
B and A 
Resolution of a D/A converter is defined as the small-
est change that can occur in the analog output as a result 
of a change in the digital input. Referring to table in 
Fig. 7, we can see that the resolution is lv, since'VOUT can 
change by no less than Iv when the input code is changed. 
Th~~resolution is always equal tQ the weight of the LSB and 
is also referred to as the step size, since it is the amount 
VOUT will change as ihe input code goes from one step to the 
next. This is illustrated graphic~lly in Fig. 8, where the 
digital inputs are being derived from the outputs of a 4-bit 
binary counter. The counter is being continuously cycled 
through its 16 states by the clock input. The wave form at 
the D/A output is a repetitive staircase which goes up Iv per 
step as the counter advances from 0000 to 1111. When the 
counter returns to 0000, the D/A output returns to O.v. The 
resolution or step size is the size of the jumps fh the stair-
case wave form. In this example each step is Iv. 
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ConveJ:'t 
"B 
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A· . tion 
= I v ~ 
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- ------- Ov ~-1. 
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Although resolution can be expressed as the amount of 
voltage or current per step, it is more useful to express it 
as a percentage of the full-scale output. To illustrate, 
the DIA converter of the (Fig. 8) has maximum full scale out-
put of 15v (when the digital input is 1111). The step size 
is Iv which gives a percentage resolution of 
% resolution = step size x 100% 
full scale (f.s) 
= Iv x 100% = 6.67% 
15v 
,,-A.4 .• 3 The' Succe-s'sive-Approximation AID Converter 
For process control applications, many types of trans-
ducers are available that will change a physical quantity, 
such as temperature or light intensity, into a linearly 
proportional voltage. This voltage is an analog quantity that 
can have any value within a given range, such as Ov to 10v. 
To interface this analog voltage to a digital controller r 
requires that the voltage be converted to its digital repre-
sentation by an AID converter. Fig. 9 shows one type of AID 
converter, which is easily interfaced to a system. 
This type of converter changes to the analog voltage 
input VA to an 8-bit digital output (0 7 through DO) which can 
be straight binary. The conversion process is initiated by a 
pulse applied to the AID converter's START input. The com-
plete conversion process will take an amount of time that 
depends on the AID conversion method which the particular con-
verter uses. This time, called conversion time, tc, can be 
high as 100 s for some AID converters. During this tc 
interval-, as the conversion process is taking place the AID 
convertor's BUSY output will go LOW. The BUSY output returns 
HIGH when the conversion is complete. 
The digital output lines 0 7 through DO come from tri-
state latches which are part of. the converter. A HIGH on the 
ENABLE input will enable these outputs so that the digital 
. ---
l 
, 
, . 
. Fig. 9' Typical AID Converter used in pp based process control systems . 
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representations of VA is present on these lines. A LOW on 
the ENABLE inputs these output lines in their high-Z_state. 
In most situations, the ENABLE input will be pulsed HIGH 
only after the BUSY output has indicated that the conversion 
is complete. If the ENABLE input is made HIGH during the tc 
interval, the output lines will inaicate the results of the 
previous AID conversion. 
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APPENDIX B 
Hi crocomp uter Con trol 
B.l Introduction 
In a closed-loop hydraulic materials test system a 
specific variable is controlled by comparing the actual 
value of this variable achieved (output) with the desired 
value (command) and using the difference (error signal) to 
drive the system in a direction such that the error is re-
duced. For the computerized materials test system diagram-
med in (Figure 1) a transducer signal (load, strain or 
st("oke) is selected as the feedback signal to the servo-. 
controller where it is compared with the command signal. 
In this case, the command signal (usually a sinusoidal wave 
form) is supplied by the digital computer using Digital-to-
Analog converter. The difference between the command and 
the selected feedback signal is applied to the servovalve 
which in turn causes the hydraulic system to load the speci-
men in the appropriate direction to minimize the error between 
. command and feedback. In this manner a specimen may be sub-
jected to a load, strain, or stroke history genetated by the 
digital computer. Also, transducer feedback signals are con-
nected to the Analog-to-Digital converter. In this way, 
analog data from the test system can be read and reduced by 
the digital computer and if desired, results printed out on 
the printer. The digital computer serves two major functions 
in the test: generation of the command input to the test 
system, and recording and reduction of analog data from the 
test system. These functions are performed by the software 
described in Ch.pter~5. 
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The Apple 11 is a self-contained single board micro-
computer system with a built-in Asc 11 type keyboard. Asc 11 
keyboards are laid out similar to a conventional typewriter 
keyboards for easy two-hand operation. Each key is a switch 
which, when depressed, connects two poi~ts together in the 
same manner as for the hex keyboard. Asc 11 keyboards 
normally operate ,into a keyboard encoder circuit which gener-
ates the 7-bit Asc 11 code bit pattern for the key being 
depressed. This bit pattern is transferred to the micro-
processor over the data bus. Again, a key ACTUATION output. 
allows either polled operation or interrupt operation to be 
used. Asc 11 keyboard encoders are more complex than he~ 
keyboard encoders because of the greater number of keys and 
codes. 
The single board concept features an B-slot mother board 
with full connectors, and uses the 6502 type micro-processor; 
A 6 k-byte BASIC and a 2 k-byte system monitor are in Read-
Only-Memory (ROM) plus an additional 4 k which can be added 
to give a total of 12 k-bytes. For user work space 16 k-
bytes of Random-Access-Memory (RAM) are available. Sockets 
are in place for future expansion of up to 48 k bytes of RAM, 
which is the configuration used for the purposes of this 
research 'project. 
Peripheral devices include a printer for hard copy and 
a pair of disc drives for floppy discs. 
B.3 
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.... (2 3· 4) 
The Interfacing Devices ' , 
The Interfacing devices between the analog control 
system and the computer provides the hardware needed for data 
acquisition, function generation and test-machine control 
monitoring. Interface hardware characteristics coupled with· 
the software device driver determines the overall capability 
of the automated system. Speed, precision and accuracy are 
the most important parameters of the interfaces. The inter-
facing devices for this set-up consist of the Interactive 
structures AO-03 analog output and AI-13 analog input cards • 
. 64 AO-03 Analog Output ~ard(3) 
The AO-03 output system of the APPLE 11 micro-computer 
to be used to control the ESH testing machine by providing 
analog voltage signals in the ~ange of 0-10 volts. 
The output voltage can be specified by the software 
(program) by sending a number from 0 to 255. The AO-03 con~ 
verts this into the desired voltage value within 3 micro-
seconds, then latches or holds the voltage level until it is 
next changed by the program. The output voltage will drive 
the machine to apply a load until the specimen is extended a 
fixed amount. This is illustrated as follows: 
Number 
I 
Vol ts Storke kN 
Range (mm) 
255 . 10 I 20 50 I OR 
I I * 
0 I 0 0 0 
I 
In the Program 
I AO-03 ESH Testing Machine Analog Output 
* (depending on mode of machine control selected) 
,. 
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Because the computer is a digital device, the analog 
output voltage changes in descrete steps when numbers are 
sent to the converter. For example, if a series of numbers 
from 1 to 255 were sent to the converter the output signal 
will appear as shown in· Figure 2. 
10 vol ts r------------,-, 
255 steps 
o L---________ ..'-. ...J25 5 
Figure 2 
Output vol tage 
from the AO-13 
Converter. 
Each step projected on the ordinate corresponds to 
(1/255 x 10) volts which is the resolution of this analog 
output system. 
The AO-03 is connected to the computer and the E.S.H. 
testing machine in the manner shown in Figure 3. Sixteen 
channels are available in the output-system. These may be 
connected to the testing machine (in this case only 1 channel 
is used), which up to 8 slots are available on the Apple 11 
. 
mother board. Any combination of 
AO-03. Each channel is addressed 
which may 
through a 
be connected to 
memory address. 
To address Channel M and Slot N, the output address co·de is 
gi ven by 
- 16384 + (256 x N)+ M 
In the set-up used the card was inserted into Slot 3 and the 
test machine was connected to Channel 1; hence 
N = 3 and M = 1. 
Therefore the write address is 
- 16384 + (256 x 3) + 1 
= - 15615 
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Figure 3 Schematic representation 
of the AO-G3 Analog Output 
System used in. this work. 
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(4) AI-13 Analog Input System (Fig. 4) 
The AI-13 is designed to take analog voltage readings 
and return a number proportional to the actual result for 
analysis by the program. It can select anyone of the 16 
input channels and scale the input according to any of 8-
full scale ranges. 
The AI-13 appears to a program as a block of locations 
in memory whose address is determined by the slot number the 
input sy~tem is connected to. To refer to a particular slot 
number, the input address code would be 
16256 + SLOT x 16 
. In this case the SLOT number is 5, hence the computer would 
'read' from address (A) 
- 16256 + 5 x 16 
However, the result of the AI-13 conversion is a 12-bit 
quantity, hence the 8-bit APPLE 11 micro-computer has to 
retrieve the 12-bit quantity with two read operations. The 
most significant 4 bits are read from the location A + 1 
and the least significant 8 bitsare read from A which is 
. .. -~ 
based on successive approximation method. The command 
address for this is given as 
PEEK (A + 1) x 256 + PEEK (A) 
For a standard conversion, this will produce a number between 
o and 4095. 
e.g. consider the 12-bit binary code in Table B.l. 
Figure. 4 
~ .. 
12 bit bin 
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in. this work •. 
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r 
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TABLE B.l 
BINARY CODE o o o 1· 0 1 0 1 0 0 1 0 
i.e. 000101010010 
= 2 8 + 2 6 + 24 + 21 = 256 + 64 + 16 + 2 
= 338 
The APPLE 11 works in 8 bits per byte, the above to be 
represented by 2 bytes. Say at location A + 1 and A. Hence 
the required numbers (338 in this case) can be represented as:-
TABLE B.2 
Memory location Memory location A 
A + 1 
0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 
27 2 6 2 5 24 2 3 22 21 2 0 21 2 6 25 24 2 3 22 2 1 
The Table B.2 shows contents of memory locations at the 
end of conversion of number 338. 
0 
2° 
A second command is necessary to initiate the conversion 
of the a~propriate channel. 
.. 
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